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ABSTRACT 
 
 
 
Electrical contacts to devices which pose low resistance continue to be of interest 
as the dimensions of devices decrease and nanotechnology demands better means of 
creating electrical access. Continued improvement in the performance of ohmic 
contacts requires techniques to better characterise and quantify the performance of 
such contacts. In order to study and estimate the resistance of such contacts or the 
resistance posed by the interface(s) in such contacts, accurate test structures and 
evaluation techniques need to be used. The resistance posed by an interface is 
quantified using its specific contact resistivity (SCR), which is denoted using ρc (units: 
Ωcm2). Cross Kelvin resistor (CKR) test structures have been used for the 
measurement of low values of SCR. A simplified approach to this problem of SCR 
evaluation (developed previously at RMIT University) using the CKR test structures 
with varying contact sizes was used and during this work was shown to be accurate for 
the estimation of low values (<10-8 Ωcm2) of SCR. 
 
The silicides of interest in this study were titanium silicide (TiSi2) and nickel 
silicide (NiSi). These thin films are known for their low resistivity and low barrier heights 
to both n-type and p-type silicon. The research involved thin film formation and 
substantial materials characterisation of these thin films. The silicide thin films were 
formed by vacuum annealing metal thin films on silicon substrates. Silicide thin films
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formed from metal films deposited by DC magnetron sputtering and electron beam 
evaporation were compared. The composition, crystallographic orientation, and 
morphology of these thin films were studied using spectroscopy (AES, SIMS, RBS, in 
situ Raman spectroscopy), diffraction (Bragg-Brentano and glancing angle XRD, 
RHEED), and microscopy techniques (TEM, SEM, and AFM). TiSi2 and NiSi thin films 
were also found to be suitable for microsystems fabrication due to their ability to 
withstand wet etching of silicon using potassium hydroxide. 
 
The SCR of aluminium-titanium silicide ohmic contacts was evaluated to be as 
low as 6 x 10-10 Ωcm2, which is the lowest reported for any two- layer single-interface 
contact. Characterisation of ohmic contacts comprising of aluminium, nickel silicide, 
and doped silicon (with shallow implants) were also carried out using the same 
technique. SCR values as low as 5.0 x 10-9 Ωcm2 for contacts to antimony-doped 
silicon and 3.5 x 10-9 Ωcm2 to boron-doped silicon were evaluated. 
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CHAPTER 1 
 
 
 
INTRODUCTION 
 
 
1.1 Motivation and Thesis Outline 
Advancements in nanotechnology have created the need for efficient means of 
communication of electrical signals to nanostructures [1.1]. Electrical contacts made to 
such nanodevices need to pose minimum possible contact resistance. In order to study 
and evaluate the resistance of such contacts or the resistance posed by the 
interface(s) in such contacts, accurate test structures and evaluation techniques need 
to be used. These will pave the way for the identification of new materials and/or 
contact architectures to develop nanoscale low resistance contacts. 
 
The resistance posed by an interface is quantified using its specific contact 
resistivity (SCR, denoted using ρc with units Ωcm2) [1.2], and multiple techniques have 
been utilised in measuring SCR values. Test structures based on transmission line 
model (TLM) are also commonly used to determine SCR. The limitations of the TLM in 
measuring low values of SCR (below 1 x 10-7 Ωcm2) are discussed in Ref. [1.3]. Recent 
   Chapter 1 
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references have suggested optimised test structures and evaluation techniques based 
on TLM and these are shown to be capable of measuring very low values of SCR [1.4], 
but still have significant percentage of error. Cross Kelvin Resistor (CKR) test 
structures were shown to be suitable for the measurement of low values of SCR, but 
the use of cumbersome error correction curves to estimate the value of SCR and 
inherent inaccuracies in the technique served as deterrents for the widespread use of 
this estimation technique [1.5-1.8]. 
 
Using a combination of analytical calculations and finite element modelling, a 
simplified approach to this problem of SCR evaluation using CKR test structures with 
varying contact sizes was developed at RMIT University prior to the start of this 
research program [1.9]. This thesis demonstrates the accuracy of this technique in 
estimating SCR lower than the previously limiting values of 10-8 to 10-7 Ωcm2. The 
accurate evaluation of low values of SCR (related to low values of contact resistance) 
has been demonstrated using two-layer and three-layer ohmic contacts which 
incorporate titanium silicide and nickel silicide thin films. 
 
Titanium silicide (TiSi2) is widely used as a local interconnect material in 
complementary metal-oxide semiconductor (CMOS) technology [1.10, 1.11]. One of the 
advantages of titanium silicide is that it can exist in a low resistivity phase, suitable for 
local interconnects in CMOS technology. It is also suitable for CMOS contacts, with low 
barrier heights to both n-type and p-type silicon [1.12]. Titanium silicide is also stable at 
high temperatures in the range of 800-1000 ºC [1.11, 1.13]. While substantial 
characterisation and application results for TiSi2 have been previously reported 
(examples of such work include [1.10, 1.11, 1.14-1.17]), the TiSi2 thin films discussed 
in this thesis were comprehensively analysed by a variety of spectroscopy, diffraction, 
and microscopy techniques. Many of these results add further to those previously 
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published (such as those in [1.14-1.17]). 
 
Nickel silicide (NiSi) is a material which finds application in both CMOS and 
microsystems devices. NiSi thin films are used in ohmic contacts in the CMOS industry 
due to their low resistivity [1.10, 1.13] and comparable performance for both nMOS and 
pMOS devices [1.18, 1.19]. These advantages have made NiSi the CMOS industry 
standard from 2005. This thesis discusses the synthesis of nickel silicide thin films and 
details materials characterisation results obtained from spectroscopy, microscopy, and 
diffraction techniques. 
 
This thesis also studies the feasibility of using TiSi2 and NiSi thin films as mask 
materials for silicon bulk micromachining. It is demonstrated that both TiSi2 and NiSi 
have highly suitable properties to serve as masking (or selective etch stop) materials 
for silicon bulk micro-machining, as they exhibit very low etch rates in potassium 
hydroxide and TMAH (used for anisotropic etching of silicon) [1.20, 1.21].  
 
1.1.1 Thesis structure 
This thesis has been structured into chapters and sections which can be read as 
individual entities of research. This has been done to allow future readers of this work, 
to read it in part or in whole. This thesis initially discusses the characterisation of 
silicide thin films, following which, the specific contact resistivity measurements for 
ohmic contacts incorporating these silicide thin films is detailed. 
 
Chapter 2 details all experimental conditions and parameters used for the 
materials characterisation of the silicide thin films. The mask design and steps involved 
in fabrication of CKR test structures for two- and three-layer ohmic contacts is also 
discussed. 
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Chapter 3 presents results from the comprehensive characterisation of TiSi2 thin 
films. The composition, surface morphology, and crystallographic orientation of these 
thin films were studied using a variety of techniques. The formation of TiSi2 from 
sputtered and evaporated titanium is also compared. 
 
Chapter 4 discusses extensive materials characterisation of NiSi thin films. The 
characterisation was performed using a combination of microscopy, spectroscopy, and 
diffraction techniques. In situ studies were carried out using X-ray diffraction and 
Raman spectroscopy in order to study the evolution of NiSi from nickel thin films, and 
its dependence on the properties of silicon. 
 
Chapter 5 presents the experimental validation for a new technique for accurate 
evaluation of low values of SCR. Experimental data for aluminium (Al) to TiSi2 ohmic 
contacts and Al/NiSi/doped silicon ohmic contacts are presented. 
 
Chapter 6 summarises the results from this thesis, and proposes avenues for 
future research. 
 
Appendix A reports on the feasibility of using titanium and nickel silicide thin films 
as mask materials for silicon bulk micro-machining. The formation and release of 
micro-structures of varying dimensions by etching in potassium hydroxide solution is 
discussed. 
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1.3 Original Scientific Contributions 
This thesis has contributed a significant amount of information to the body of 
knowledge on the materials characterisation of TiSi2 and NiSi thin films and the 
evaluation of specific contact resistivity using a new and accurate technique. A 
summary of some of the major contributions is listed below: 
A. Detailed materials characterisation of TiSi2 thin films, improving on some of 
the results previously reported. 
B. Comprehensive materials characterisation of NiSi thin films, with new in situ 
studies of NiSi formation. NiSi formation from sputtered and evaporated 
nickel has also been compared. 
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C. Experimental validation for a new technique for SCR evaluation. Two-layer 
(Al/TiSi2) and three-layer (Al/NiSi/doped Si) ohmic contacts have been 
studied. Some of the lowest values of SCR have been attained during this 
process. 
D. Identification of a new application for TiSi2 and NiSi thin films for use as 
masking layers for silicon bulk micro-machining using potassium hydroxide 
wet etching. 
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CHAPTER 2 
 
 
 
EXPERIMENTAL DETAILS 
 
 
This chapter details the experimental conditions for the formation and 
characterisation of titanium and nickel silicide thin films. The instruments and 
conditions used for studying the composition, crystallographic orientation, and 
morphology of these thin films is described. The fabrication of test structures to 
determine specific contact resistivity is also discussed. 
 
 
2.1 Formation of Silicide Thin Films 
2.1.1 Titanium silicide thin films 
Titanium silicide (TiSi2) thin films were formed by reacting thin films of titanium 
(Ti) deposited on silicon substrates. The metal thin films were deposited on n-type 
(100) silicon of resistivity 1-10 Ωcm. The silicon samples were cleaned, prior to metal 
deposition, by etching in buffered hydrofluoric acid. Thin films of Ti were deposited 
either by DC magnetron sputtering (using conditions in Table 2.1) or by electron beam 
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evaporation, from a 99.99 % pure source in vacuum (2.0 x 10-7 Torr). The resulting 
metal thin films were about 100 nm thick, with a 6 % or 15 % variation in thickness 
across a three-inch silicon wafer (for evaporation or sputtering, respectively). They 
exhibited a resistivity of ~50 μΩcm calculated using the four-point probe technique. 
 
Table 2.1: DC magnetron sputtering conditions for titanium. 
Target Titanium (99.99%) 
Target diameter 100 mm 
DC power 100 W 
Target to substrate distance 70 mm 
Process gas Argon (99.999%) 
Base pressure 1.0 x 10-5 Torr 
Sputtering pressure 1.0 x 10-2 Torr 
Sputtering duration 7 minutes 
 
 
The desired phase of titanium disilicide (TiSi2) is C54, as it exhibits low resistivity 
and is more stable. C49 TiSi2 is formed initially, which at higher temperatures (above 
450-500 ºC) starts to convert to C54. The conversion of C49 to C54 is usually complete 
at temperatures of 650 ºC to 750 ºC (depending on the initial thickness of titanium [2.1, 
2.2]). 
 
Thin films of Ti (100-110 nm) on silicon, which were either sputter-deposited or 
electron beam evaporated, were placed on a substrate heater in a vacuum chamber. 
The anneal process was carried out at a temperature of 800 ºC for 60 minutes in 
vacuum (1.0 x 10−5 Torr). The temperature was ramped up at 15 °C/min and ramped 
down at 10 °C/min. 
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Some samples coated with titanium were etched in a 3 % hydrofluoric acid 
solution, using a photolithographically patterned photoresist mask, in order to define 
patterns. These patterns were used to perform thickness and electrical measurements 
and enabled study of silicon consumption during silicide formation. Patterned samples 
were also vacuum annealed under the same conditions (800 ºC, 1 h). 
 
2.1.2 Nickel silicide thin films 
Thin films (50 nm) of nickel on (100) n-type silicon substrates, with resistivity 
between 1 and 10 Ωcm, were subjected to different vacuum annealing conditions in 
order to investigate the formation of nickel silicide of the desired monosilicide 
composition (NiSi, 1:1 nickel and silicon). 
 
The native oxide on silicon substrates was removed with buffered hydrofluoric 
acid, prior to nickel (Ni) deposition. Ni thin films were either deposited by DC 
magnetron sputtering or by electron beam evaporation. Sputtering was carried out 
under the conditions listed in Table 2.2 and evaporation of 50 nm of Ni was performed 
from 99.99% pure nickel sources (base pressure of 2 x 10-7 Torr). The nickel thin films 
deposited had a resistivity of ~15 μΩcm, evaluated by the four point probe technique. 
 
Table 2.2: DC magnetron sputtering conditions for nickel. 
Target Nickel (99.99%) 
Target diameter 100 mm 
DC power 80 W 
Target to substrate distance 50 mm 
Process gas Argon (99.999%) 
Base pressure 1.0 x 10-5 Torr 
Sputtering pressure 1.0 x 10-2 Torr 
Sputtering duration 1 minute 
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Nickel thin films coated on (100) n-type silicon samples were subjected to a one-
step or two-step contact anneal process. The following temperatures were among 
those used to anneal both evaporated and sputtered nickel films (50 nm) on silicon: 
(i) 200 ºC for 1 hour, followed by 350 ºC for 3 hours 
(ii) 250 ºC for 1 hour, followed by 350 ºC for 3 hours 
(iii) 250 ºC for 1 hour, followed by 400 ºC for 3 hours 
(iv) 350 ºC for 1 hour 
(v) 350 ºC for 30 minutes 
 
The samples were placed on a substrate heater in a vacuum chamber. The 
anneal process was started under vacuum of 1.0 x 10-5 Torr. The samples were then 
allowed to cool in vacuum. In order to study Ni and Si consumption, some of the nickel 
coated silicon samples were photolithographically patterned (with a lift-off process 
using an AZ5206E photoresist mask) before silicidation. 
 
 
2.2 Spectroscopy Analyses 
The composition of the silicide thin films was studied using the following 
techniques: 
(i) Auger electron spectroscopy (AES) depth profiles 
(ii) Secondary ion mass spectrometry (SIMS) depth profiles 
(iii) Rutherford backscattering spectroscopy (RBS) 
 
AES depth profiles were obtained with a VG310F Scanning Auger Microprobe 
using argon ion sputtering (with energy of 1 keV at 68º). A full spectrum (at a constant 
retard ratio of 4 and a beam voltage of 10 kV) was collected after each sputter cycle 
and the depth profiles as a function of sputter time were constructed from the 
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measured peak areas using the library sensitivity factors in the ‘Avantage’ software 
package. SIMS analysis was carried out with cesium ions with a primary accelerating 
voltage of 7.5 keV and a sampling voltage of 4.5 kV (Cameca 5f Dynamic SIMS). The 
results obtained were normalised with respect to the cesium signal. RBS was also used 
for thin film characterisation and was carried out on a tandetron accelerator using 
helium ions at 2 MeV. The simulation of RBS spectra was carried out using the RUMP 
program [2.3]. 
 
 
2.3 Diffraction Analyses 
Crystallography studies of the thin films were carried out using X-ray diffraction 
(XRD). Bragg-Brentano XRD and glancing angle XRD (GA-XRD) analyses were 
carried out on a Scintag X-ray diffractometer operating with a cobalt X-ray source (at a 
wavelength of 0.179020 nm). Different detectors were used, based on the type of 
analysis. The angle of X-ray incidence for GA-XRD was 5º. The diffraction data was 
shifted to correspond to the copper kα wavelength (of 0.154056 nm) to enable 
comparison to the International Centre for Diffraction Data standard available. 
 
 Orientation analysis of the thin film surface was performed using reflection high-
energy electron diffraction (RHEED). This analysis was carried out at an accelerating 
voltage of 100 kV (JEOL JEM 1010 transmission electron microscope). A sample 
holder for the analysis, with four degrees of freedom to position the samples almost 
parallel to the electron beam, was introduced through one of the additional ports of the 
microscope. 
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Selected-area electron diffraction (SAED) was carried out during the transmission 
electron microscopy (TEM) analysis process, in order to identify the phase of the 
titanium or nickel silicide formed. 
 
NiSi thin films were also studied using Kikuchi patterns obtained by electron 
backscatter detection (EBSD). The Kikuchi patterns, also called electron backscatter 
patterns (EBSPs), have been used to verify the existence of preferential orientations 
across the thin film surface. (TiSi2 thin films had significant surface roughness, making 
them unsuitable for this analysis.) 
 
 
2.4 Microscopy Analyses 
The surface morphology of the silicide thin films was studied using atomic force 
microscopy (AFM). AFM scans were performed in the contact mode using a Digital 
Instruments Dimension 3100 scanning probe microscope with a Nanoscope IIIa 
controller. 
 
Cross-sectional TEM (XTEM) specimens were prepared by mechanical polishing 
using a tripod to create wedge-shaped specimens, with final stages of polishing 
performed on a 1 μm diamond lapping sheet. The specimens were then ion milled to 
electron transparency at room temperature using 4.5 kV argon ions incident at 5º 
(using double beam modulation). Plan view specimens were prepared by mechanically 
grinding away the backing silicon from the film, and ion milling to electron transparency 
(as above, but with continuous milling from the back of the specimen during sample 
rotation). The analysis of both the cross-section and plan view specimens was carried 
out at an accelerating voltage of 200 kV on a JEOL 2010F TEM with a Gatan Imaging 
Filter (GIF2001) and an EmiSpec E Vision energy dispersive X-ray analysis system. 
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2.5 Other Analyses 
2.5.1 In situ analysis using Raman spectroscopy and XRD 
In situ measurements were carried out during substrate heating to study the 
evolution of NiSi from Ni2Si. The variations in the transformation temperatures of Ni to 
Ni2Si to NiSi between (100) and (110) silicon and p- and n-type silicon substrates (both 
with resistivity of 1-10 Ωcm) was also studied. 
 
Raman measurements were carried out using a RENISHAW 1000 micro-Raman 
system equipped with a Peltier-cooled CCD camera and a Leica microscope. The 
experiments were carried out at an excitation wavelength of 633 nm (He-Ne laser) with 
an accumulation time of 200 seconds. The laser spot was focused on the sample 
surface using a 50x objective with short-focus working distance at room temperature. 
For measurements at higher temperatures (20 ºC to 350 ºC in ambient atmosphere), a 
Linkam temperature stage and a 50x long-focus objective were used. With these 
objectives the lateral resolution on the sample was approximately 2 μm. 
 
 In situ Bragg-Brentano X-ray diffraction (XRD) measurements were carried out 
using a PANalytical X’Pert Pro Diffractometer. The desired temperatures and dwell 
times were programmed prior to the start of the analysis. The samples were placed on 
a platinum heating strip and they were heated to 350 ºC with X-ray data collected at 
regular temperature intervals during the ramp-up. Samples were held at 350 ºC for 30 
minutes, to replicate nickel silicide formation conditions, before being cooled down. All 
measurements were done in vacuum (4 x 10-4 Torr). XRD data was collected over a 2θ 
range of 20º to 60º. 
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2.5.2 Resistivity studies 
The ‘four-point’ probe technique was used to estimate the resistivity of the silicide 
thin films; this employed the use of four equally spaced tips to measure the sheet 
resistance of the thin film, from which the resistivity was calculated based on film 
thickness (further details on this technique are given in [2.4]). 
 
 
2.6 Fabrication of Test Structures 
 
 
Figure 2.1: Schematic of a CKR test structure. Notations used in text are denoted. 
 
Cross Kelvin Resistor (CKR) test structures were used for the measurement of 
low values of specific contact resistivity. The CKR test structure [2.5-2.7], as shown in 
Fig. 2.1, consists of two ‘L’ shaped regions (of width w) consisting of the two materials 
of interest. For contact resistance estimation, CKR test structures with circular contacts 
of diameter d were used; achieved by defining the contact in an intermediate insulator 
layer, as shown in Fig. 2.1. The design of photolithography masks and the fabrication 
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details for the two types of ohmic contacts (studied in this research) are discussed in 
this section. 
 
2.6.1 Mask design 
A mask set comprising of three masks (quartz with chromium patterns) was 
designed, in order to fabricate the CKR test structures. Mask #1 was designed to 
fabricate lower CKR ‘L’ regions of various widths (w), varying from 4 μm up to 30 μm. A 
selected region of Mask #1 is shown in Fig. 2.2. 
 
 
Figure 2.2: A region of Mask #1 showing lower ‘L’s of different dimensions. CKR widths (w) of 
10, 20, and 30 μm are shown. The scale bar corresponds to 20 μm. 
 
Mask #2 was used to define circular contacts of diameter d, which varied from 0.8 
μm to 26 μm, based on w (always maintaining the d/w ratio lesser than 1). Mask #2 
also defined openings in the oxide layer (inter-layer dielectric) for electrical access to 
the lower ‘L’. This enabled measurement of SCR for different d/w ratios, ranging from 
0.1 to 0.8. Mask #3 enabled the fabrication of upper CKR ‘L’ regions and defined 
contact pads for electrical characterisation of the ohmic contacts. 
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Regions of all three masks are shown in Fig. 2.3(a-c) with CKR arm width w of 20 
μm and contact diameter d varying from 3.5-4.5 μm (steps of 0.5 μm) in the first row 
and 10-14 μm (steps of 2 μm) in the second row. To enable comparison to the CKR 
test structure presented in Fig. 2.1, an overlaid representation of the three-layer mask 
set is shown in Fig. 2.3(d). 
 
 
  
(a)      (b) 
  
(c)      (d) 
Figure 2.3: Regions of masks used to create the lower ‘L’, contacts of different dimensions, and 
the upper ‘L’ of the CKR test structure are shown in (a-c), respectively. An overlaid 
representation of the mask set is shown in (d). The coloured regions represent chromium with 
scale bars corresponding to 10 μm. 
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2.6.2 Aluminium to titanium silicide ohmic contacts 
These ohmic contacts consist of two layers – aluminium (Al) and titanium silicide 
(TiSi2) – and a single interface of interest. The following steps describe, in detail, the 
fabrication of CKR test structures in order to form Al-TiSi2 ohmic contacts: 
1. Silicon wafers were rinsed with acetone and isopropyl alcohol and dried 
using pressurised high purity nitrogen. N-type (100) silicon wafers with 
resistivity of 1-10 Ωcm were used. 
2. Mask #1 was used to prepare the wafers for Ti thin film lift-off. 
3. AZ5206E photoresist was spun on the wafers at 2000 rpm for 40 seconds 
to form an ~700 nm thick photoresist layer. 
4. Edge bead removal was carried out using the EBR solvent from AZ 
Electronic Materials. 
5. Soft-bake was performed on a hot-plate at 95 ºC for 1 minute. 
6. Exposure was carried out through Mask #1 using a MJB3 mask aligner 
(broadband exposure) for 15 seconds. 
7. The photoresist was developed using an AZ400K and deionised water (DI 
water) mixture (ratio 1:4) for 10 seconds. 
8. Hard-bake was performed on a hot plate at 105 ºC for 2 minutes. 
9. Ti thin films (100 nm thick) were deposited by electron beam evaporation 
(details in Section 2.1.1). 
10. Lift-off was completed by immersing the wafers in acetone. 
11. The wafers were then rinsed with acetone and isopropyl alcohol and dried 
using nitrogen. 
12. The wafers were annealed to form TiSi2 (details in Section 2.1.1) 
13. Mask #2 was used to prepare the wafers for silicon dioxide thin film lift-off 
using steps 3 to 8. Silicon dioxide (SiO2) with a thickness of 100 nm was 
deposited by electron beam evaporation. Lift-off was completed using steps 
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10 and 11. 
14. Aluminium (600 nm thick) was then deposited using electron beam 
evaporation. The thin films were patterned using Mask #3 and PAN 
(phosphoric acid : acetic acid : nitric acid : DI water :: 16:1:1:2) etchant. 
Etching was carried out for 1 minute at 60 ºC. 
15. The wafers were rinsed with acetone and isopropyl alcohol and dried using 
nitrogen. 
 
The cross-section of the resulting contact region fabricated is depicted in the 
schematic in Fig. 2.4. 
 
 
 
Figure 2.4: Schematic of the cross-section of the fabricated multi-layer contact CKR test 
structure. The aluminium and the titanium silicide thin films form the two ‘L’s. The choice of 
thicknesses ensured that the Al-TiSi2 interface lay well below the SiO2 surface; thereby, 
ensuring the isolation between the two ’L’s in the CKR test structure. (Not to scale). 
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The Al-TiSi2 contacts were annealed, in an atmosphere of 3 % hydrogen in 
nitrogen, at 450 ºC or 500 ºC in steps of 30 minutes. SCR measurements were carried 
out using a micromanipulator probe station after each annealing step in order to study 
their variations with annealing time (up to 300 minutes) and temperature (450 ºC or 500 
ºC). Mask patterns used to define a CKR test structure and the plan view of fabricated 
test structure are shown in Fig. 2.5. The optical micrograph depicting the fabricated test 
structure [Fig. 2.5(e)] was obtained after annealing the sample at 500 ºC for 180 
minutes. 
 
   
(a)    (b)    (c) 
  
(d)      (e) 
Figure 2.5: Mask patterns used to create lower ‘L’ with w of 20 μm, contact with d of 4 μm, and 
upper ‘L’ with w of 20 μm of a CKR test structure are shown in (a-c), respectively. An overlaid 
representation of this test structure is shown in (d) and the fabricated outcome is shown in (e). 
The coloured regions in (a-d) represent chromium with scale bars corresponding to 10 μm. 
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2.6.3 Aluminium to nickel silicide to doped silicon ohmic contacts 
These ohmic contacts consisted of three layers (Al, NiSi, and doped Si) and two 
interfaces (Al-NiSi and NiSi-doped Si). Doped silicon regions were created using ion 
implantation. These formed the lower ‘L’ regions of the CKR, corresponding to ‘Material 
2’ in Fig. 2.1. 
 
Implantation was carried out on (100) silicon samples, with patterned thermal 
silicon dioxide (1.2 μm thick) used to define regions for doping. The following steps 
were used to form and pattern thermal SiO2: 
1. Silicon wafers were rinsed with acetone and isopropyl alcohol and dried 
using nitrogen. The chosen silicon wafers were of (100) orientation with 
resistivity of 1-10 Ωcm. N-type wafers were used for boron implantation, 
while p-type wafers were used for antimony implantation. 
2. The wafers were subject to Piranha cleaning (H2SO4:H2O2:H2O::2:1:1 for 15 
minutes) and dipped in buffered hydrofluoric acid (BHF, for 30 seconds) to 
remove contamination and native oxide. 
3. Oxidation of the wafers was carried out at 1050 ºC. Dry oxidation was 
carried out for 10 minutes, followed by wet oxidation for 5 hours, which was 
followed by dry oxidation for 10 minutes. The O2 flow rate was 1 L/min 
throughout the process. The resulting oxide was approximately 1.2 μm 
thick. 
4. The thermal SiO2 on the wafers was patterned using Mask #1. This was 
done to create lower CKR ‘L’s for ion implantation. 
5. An adhesion promoter hexa methyl disilazane (HMDS) was spun on the 
wafers at 2000 rpm for 40 seconds. 
6. AZ1512 photoresist was spun on the wafers at 2000 rpm for 40 seconds to 
form an ~1.2 μm thick photoresist layer. 
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7. Edge bead removal was carried out using the EBR solvent from AZ 
Electronic Materials. 
8. Soft-bake was performed on a hot-plate at 95 ºC for 1 minute. 
9. Exposure was carried out with Mask #1 using a MJB3 mask aligner 
(broadband exposure) for 15 seconds. 
10. The photoresist was developed using an AZ400K and DI water mixture 
(ratio 1:4) for 18 seconds. 
11. Hard-bake was performed on a hot plate at 105 ºC for 2 minutes. 
12. The thermal oxide was then etched using BHF for 11 minutes. 
13. The photoresist on the wafers was stripped using acetone and isopropyl 
alcohol; the wafers were then dried using nitrogen. 
14. A thin oxide layer of 5-7 nm was grown thermally (dry oxidation, 1050 ºC, 4 
minutes) to reduce channelling during ion implantation, due to availability of 
only substrate normal (0º) implantation. 
 
Ion implantation was carried out using a Metal Vapour Vacuum Arc (MEVVA) ion 
source. Antimony (Sb) was used to create n-type regions while boron (B) was used to 
define p-type regions. In the case of antimony, the peak concentration was designed to 
be on or around the NiSi-Si interface depth resulting from 15 nm of nickel used in the 
silicidation process. This depth was calculated to be 29 nm. In the case of boron, the 
same peak concentration depths could not be replicated as very low implant energies 
were required (and this was not within the ion implanter capabilities). The energy was 
chosen to provide a peak dopant concentration at a depth corresponding to the NiSi-Si 
interface depth (calculated to be 92 nm) resulting from 50 nm of nickel. 
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(a) 
 
(b) 
Figure 2.6 continued .... 
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(c) 
Figure 2.6: Ion range calculations generated using TRIM for implantation of (a) antimony at 40 
keV, (b) antimony at 20 keV, and (c) boron at 23.5 keV. All implantations were simulated for an 
angle of incidence of 0º (substrate normal). 
 
The ion implantation calculations were performed using the popular Stopping 
Range of Ions in Matter (SRIM) package, 2006 version [2.8, 2.9]. The TRansport of 
Ions in Matter (TRIM) calculation function in this package was used to determine 
appropriate implant energies for antimony and boron to achieve desired peak 
concentration depths. The results from TRIM calculations are shown in Fig. 2.6. 
 
Antimony implants at different energies (20 keV and 40 keV) were carried out to 
create n-type regions in p-type silicon. For the sake of comparison, ion implantation of 
boron (at 23.5 keV) was carried out to define p-type regions in n-type silicon. The 
implant energy for all three samples was chosen based on calculations of the projected 
(ion) range from TRIM (Table 2.3), for a fixed dose of 5 x 1015 cm-2. After ion 
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implantation, dopant activation was performed by rapid thermal annealing (RTA) at 
1000 ºC for 40 seconds in nitrogen ambient. 
 
Table 2.3: Ion Implantation calculations showing the peak concentration depth. A dose of 5 x 
1015 atoms/cm2 was used for all samples. 
Implant 
species 
Accelerating 
voltage 
(keV) 
Ion range RP 
(nm) 
Ratio of 
atoms/cm3 to 
atoms/cm2 at RP 
Carrier 
concentration at 
RP (atoms/cm3) 
Sb 40.0 29.0  5.60 x 105 2.80 x 1021 
Sb 20.0 18.5  8.00 x 105 4.00 x 1021 
B 23.5 92.0  1.50 x 105 7.50 x 1020 
 
 
SIMS analysis was used to study the dopant concentration, and to estimate the 
relative difference in concentration between the two antimony doped samples. 
Secondary ion mass spectrometry (SIMS) analysis was carried out using cesium ions 
(Cs+) with a primary accelerating voltage of 2.32 kV and a sampling voltage of 4.5 kV 
(Cameca 5f dynamic SIMS instrument). SIMS was also used to verify the compositional 
uniformity of the thin film layers which form the CKR test structure. 
 
After ion implantation and post-implant anneal, the following steps were used to 
complete the fabrication of Al-NiSi-doped Si ohmic contacts.  
1. The silicon wafers were subject to a BHF etch for 12 minutes - this was 
done to strip the oxide grown during implant activation RTA. 
2. Mask #2 was used to prepare the wafers for silicon dioxide thin film lift-off. 
3. AZ5206E photoresist was spun on the wafers at 2000 rpm for 40 seconds 
to form an ~700 nm thick photoresist layer. 
4. Edge bead removal was carried out using the EBR solvent from AZ 
Electronic Materials. 
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5. Soft-bake was performed on a hot-plate at 95 ºC for 1 minute. 
6. Exposure was carried out with Mask #2 using a MJB3 mask aligner 
(broadband exposure) for 15 seconds. 
7. The photoresist was developed using an AZ400K and DI water mixture 
(ratio 1:4) for 10 seconds. 
8. Hard-bake was performed on a hot plate at 105 ºC for 2 minutes. 
9. SiO2 thin films (100 nm thick) were deposited by electron beam 
evaporation. 
10. Lift-off was completed by immersing the wafers in acetone. 
11. The wafers were then rinsed with acetone and isopropyl alcohol and dried 
using nitrogen. 
12. Nickel thin films were deposited by electron beam evaporation. The 
thickness of Ni thin films was either 15 nm (for Sb implanted samples) or 50 
nm (for B implanted samples). 
13. Nickel silicidation was carried out at 350 ºC for 10 minutes (for 15 nm Ni) or 
30 minutes (for 50 nm Ni). 
14. This was a self-aligned silicidation step and necessitated removal of 
unreacted Ni from regions where nickel made contact with silicon dioxide 
and did not form NiSi. Ni removal was carried out using H2SO4:H2O2 (2:1) 
for 1 minute or 2 minutes (for 50 nm Ni). 
15. The silicon samples were then rinsed in DI water for 4 minutes. 
16. Aluminium (600 nm thick) was then deposited using electron beam 
evaporation. The thin films were patterned using Mask #3 and PAN 
etchant. Etching was carried out for 1 minute at 60 ºC. 
17. The wafers were rinsed with acetone and isopropyl alcohol and dried using 
nitrogen. 
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(a)      (b) 
Figure 2.7: An overlaid representation of the mask patterns used to create lower ‘L’ with w of 20 
μm, contact with d of 4 μm, and upper ‘L’ with w of 20 μm of a CKR test structure is shown in 
(a). An optical micrograph of the fabricated Al/NiSi/Sb-doped Si ohmic contact CKR test 
structure is shown in (b). The coloured regions in (a) represent chromium with the scale bar 
corresponding to 10 μm. 
 
 
 
Figure 2.8: Schematic of the cross-section of the fabricated multi-layer contact CKR test 
structure. The aluminium and the ion implanted region form the two ‘L’s. The choice of 
thicknesses ensured that the Al-NiSi interface lay below the SiO2 surface; thereby, ensuring the 
isolation between the two ‘L’s in the CKR test structure. (Not to scale) 
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Mask patterns used to define a CKR test structure and a plan view of a fabricated 
test structure are shown in Fig. 2.7. The optical micrograph depicting the fabricated test 
structure [Fig. 2.7(b)] was obtained from a sample with antimony implanted at 40 keV, 
prior to annealing at 300 ºC. The cross-section of the resulting contact region 
fabricated is depicted in the schematic in Fig. 2.8. 
 
These fabrication steps defined the CKR structures of varying contact sizes (d) 
and different CKR arm widths (w). These Al/NiSi/doped Si contacts were annealed, in 
an atmosphere of 3% hydrogen in nitrogen, at 300 ºC in steps of 30 minutes. SCR 
measurements of numerous CKR test structures were carried out using a 
micromanipulator probe station after each annealing step in order to study their 
variations with annealing time (up to 90 minutes). 
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CHAPTER 3 
 
 
 
CHARACTERISATION OF TITANIUM 
SILICIDE THIN FILMS 
 
 
This chapter reports on the comprehensive analysis of C54 titanium silicide thin 
films by a variety of spectroscopy, diffraction, and microscopy techniques. The 
formation of titanium silicide thin films using sputtered and evaporated titanium has 
been compared. The thin films have also been characterised using resistivity 
measurements. As described in Chapter 1, the focus has been on synthesising C54 
titanium disilicide (TiSi2). 
 
 
3.1 Silicide Thin Films from Sputtered and Evaporated 
Titanium 
This section discusses the formation of titanium silicide (TiSi2) by annealing 
titanium thin films (deposited either by sputtering or evaporation) on silicon in vacuum. 
The advantages of vacuum annealing (over rapid thermal processing, generally
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reported [3.1]) include (i) complete reaction of the metal with silicon, and therefore, no 
necessity to remove unreacted metal by etching; (ii) more uniform heating due to direct 
contact with the substrate heater; and (iii) lesser impurities in silicide thin films formed 
in vacuum. Thin films of titanium (100-110 nm) on silicon which were either sputter-
deposited or electron beam evaporated were placed on a substrate heater in a vacuum 
chamber. The anneal process was carried out at a temperature of 800 ºC for 60 
minutes in vacuum (1.0 x 10−5 Torr). Further details on titanium deposition and TiSi2 
formation are given in Section 2.1.1. 
 
An AES depth profile of a titanium silicide thin film formed by vacuum annealing 
sputtered titanium is shown in Fig. 3.1. There is complete reaction of titanium and 
silicon to form a uniform TiSi2 thin film, as is apparent from the 1:2 titanium-silicon ratio. 
Though there is slight oxygen contamination on the surface, the oxygen signal drops 
rapidly indicating an oxygen-free silicide-to-silicon interface. 
 
 
Figure 3.1: AES depth profile of titanium silicide thin film (formed from sputtered titanium). 
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Figure 3.2: AFM surface scan of titanium silicide (formed from sputtered titanium) thin film over 
a 5 μm x 5 μm area 
 
The average surface roughness of titanium silicide thin films formed from 
annealing sputtered titanium was 26 nm, as obtained from AFM scans (an example of 
which is shown in Fig. 3.2). 
 
 
Figure 3.3: AES depth profile of titanium silicide thin film (formed from evaporated titanium). 
 
Evaporated titanium thin films vacuum annealed at 800 ºC for 60 minutes also 
formed TiSi2, with the composition of the silicide (Fig. 3.3) being 33-34% titanium and 
   Chapter 3 
 
Characterisation of Titanium Silicide Thin Films  35 
 
66-67% silicon. When compared to the AES depth profile shown in Fig. 3.2 (TiSi2 
formed from sputtered titanium), these films do have a considerable amount of oxygen 
contamination on the surface. As with the titanium silicide formed from sputtered 
titanium, the oxygen signal drops to a very low concentration giving an oxygen-free 
silicide-to-silicon interface. 
 
The average surface roughness of these thin films was also studied by AFM, and 
was found to be lower (Ra = 20 nm). These results are discussed in Section 3.2. 
 
Both sputtered and evaporated titanium formed TiSi2 under the same conditions, 
but oxygen contamination was higher on the surface of the silicide film obtained by 
annealing evaporated titanium. The oxygen contamination on the surface of TiSi2 thin 
films formed from evaporated titanium thin films is due to the snow-ploughing of oxygen 
from native oxide on the silicon substrate (discussed in detail in Section 3.2); this could 
be removed by etching in concentrated hydrochloric acid (HCl) as it was a form of 
titanium oxide. The physical bombardment by material being deposited while sputtering 
will remove the thin native oxide on silicon; and is probably the reason for lower oxygen 
contamination on the TiSi2 film surface. This oxide formed on the surface of TiSi2 thin 
films from sputtered titanium was a Ti-Si-O compound, which could not be removed by 
HCl. 
 
Both types of films had oxygen-free silicide-to-silicon interfaces and reasonably 
rough surfaces, though the average surface roughness of films formed from 
evaporated titanium was lower than those from sputtered titanium thin films. 
 
Due to ease of removal of surface oxide and uniformity in thickness of titanium 
deposited by electron beam evaporation, these films were chosen over TiSi2 thin films 
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formed from sputtered titanium. Further detailed analysis was carried out on TiSi2 thin 
films formed by vacuum annealing evaporated titanium. The results of these analyses 
are discussed in the rest of this chapter. 
 
 
3.2 Composition and Surface Morphology Analysis 
Titanium silicide (TiSi2) thin films were studied by spectroscopy techniques – 
Auger electron spectroscopy (AES) and secondary ion mass spectrometry (SIMS) – to 
study the composition, uniformity, and oxygen contamination through the films. Atomic 
force microscopy (AFM) was used to study the surface morphology, in order to observe 
the degree of regularity of grains (with respect to structure and grain size) and to 
estimate the average surface roughness of the films. 
 
Both depth profiles (AES and SIMS, discussed later) indicated the presence of a 
thin layer of titanium oxide on the silicide surface. This can be removed by etching in 
concentrated hydrochloric acid (HCl). Hydrofluoric acid (HF) cannot be used to remove 
this oxide as HF attacks titanium silicide. 
 
Silicon wafers were placed face-down on samples during the anneal process, to 
minimise oxygen interaction with the samples. The upper silicon wafers (prior to use 
during the anneal process) were dipped in buffered hydrofluoric acid (BHF) to remove 
native oxide. These silicon wafers showed evidence of titanium diffusion after the 
anneal process. This titanium diffusion was verified be performing AES depth profiles 
at different spots. The silicon wafers which covered patterned titanium, showed 
titanium diffusion in regions with identical dimensions as the patterned titanium [see 
Fig. 3.4(a)]. This proved to be a novel method of selectively diffusing titanium into 
silicon. In addition, for a continuous titanium thin film, when a weight exerting a contact 
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pressure of about 620 N/m2 is placed on the top face-down silicon, the upper and lower 
silicon samples fuse together, forming an unbreakable bond [Fig. 3.4(b)]. Silicon wafers 
coated with titanium nitride (TiN) to prevent titanium diffusion were experimented with, 
and did reduce the extent to which titanium diffused into the upper wafer. However, this 
did not reduce the amount of oxide on the surface of the TiSi2 formed. 
 
 
(a)      (b) 
Figure 3.4: Schematic images depicting (a) titanium diffusion into the upper BHF-dipped silicon 
wafer placed over a patterned titanium sample and (b) the unbreakable bond formed when the 
upper BHF-dipped silicon wafer is placed over a continuous titanium thin film. (Not to scale) 
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TiSi2 formation is not affected by native oxide present on silicon (which occurs at 
the interface of titanium and silicon). Previous studies clearly show that the diffusing 
species (Si, from substrate) starts the Ti-Si reaction through the native oxide layer, and 
the oxygen atoms are slowly driven out towards the surface, resulting in an oxygen-free 
interface. The silicon diffusion is accompanied by the disintegration of the oxide layer. 
This indicates that a layer of oxide on the silicide surface will occur in most cases, as 
has been observed [3.2-3.4]. 
 
 
Figure 3.5: SIMS depth profile of titanium silicide thin film. 
 
The AES depth profile indicates very uniform composition for titanium and silicon, 
and shows an ideal 1:2 ratio of titanium to silicon (Fig. 3.3). SIMS depth profiling was 
carried out to study the uniformity in composition of titanium and silicon through the thin 
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film. The result (Fig. 3.5) indicates a very homogenous thin film, and no observable 
oxygen contamination at the interface. 
 
AFM surface scans of the TiSi2 formed from evaporated titanium show a regular 
grain structure with an average grain size between 100 and 125 nm (Fig. 3.6), and the 
thin film exhibits an average surface roughness of 20 nm. The surface also shows the 
presence of a regular array of well-defined crystallites. 
 
 
Figure 3.6: AFM surface scan over a 5 μm × 5 μm area of titanium silicide thin film. 
 
 
3.3 Cross-section Transmission Electron Microscopy Analysis 
Cross-section transmission electron microscopy (XTEM) studies of the thin films 
was carried out to extract a variety of results, and to verify certain results obtained by 
other analyses. XTEM analysis of these samples indicates a uniform thin film with 
crystallites on the surface at regular intervals (Fig. 3.7). These crystallites are 100-150 
nm sized on large titanium silicide grains (flat plate-like grains approximately 1.5 μm in 
diameter). The thickness of the titanium silicide thin film was determined to be 244±10 
nm. 
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Figure 3.7: Surface crystallites on titanium silicide thin films formed by vacuum annealing 
observed in an energy-filtered bright field XTEM image. The grain boundaries are apparent due 
to diffraction contrast. 
 
 
 
Figure 3.8: (a) Reference bright field XTEM image for jump ratio maps. (b-e) Jump ratio maps 
for titanium, silicon, oxygen, and carbon, respectively. 
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Jump ratio maps (Fig. 3.8) have shown that the crystallites have the same 
composition as the thin film. The ratio maps for titanium, silicon, oxygen, and carbon 
were obtained for the region corresponding to the bright field image shown in Fig. 
3.8(a). These maps show the presence of titanium and silicon only in the thin film and 
the crystallites [see Fig. 3.8(b) and 3.8(c)]. The titanium map [in Fig. 3.8(b)] shows a 
high titanium signal at the outer surface of the silicide, which is also rich in oxygen [Fig. 
3.8(d)]. This corresponds to the oxide pile-up on the titanium silicide surface due to the 
‘snowplough’ effect (as seen in AES and SIMS depth profiles). The bright field image 
contrast [Fig. 3.8(a)] and the silicon map [Fig. 3.8(c)] show that some re-deposition of 
silicon during ion milling has occurred. This has oxidized and results in a high silicon 
and oxygen signal at the outer edge of the epoxy. Fig. 3.8(e) indicates the presence of 
carbon in the hydrocarbon-based epoxy used for TEM specimen preparation. Energy 
dispersive X-ray analysis also confirmed that the crystallites had the same composition 
as the titanium silicide thin film. These results show that the crystallites are of the 
desired silicide composition, and are unaffected by the oxide pile-up. 
 
High-resolution XTEM images highlight the orthorhombic arrangement in the 
titanium silicide thin film (Fig. 3.9) and the presence of a well-defined interface between 
the thermally formed silicide and the silicon substrate. No amorphous oxide layer was 
present at the interface, supporting the AES and SIMS results. 
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Figure 3.9: High resolution cross-sectional transmission electron microscopy image showing 
the interface between titanium silicide (left) and silicon (right). The dark (~7 nm wide) band in 
the TiSi2 at the interface is a diffraction artefact. The image highlights the abrupt interface and 
the absence of amorphous oxide. Inset: SAED patterns for two phases [-112] TiSi2 and [110] 
silicon. 
 
 
3.4 Orientation Analysis 
The titanium silicide thin films formed were studied by diffraction techniques, to 
verify the existence of the low resistivity (14-17 μΩcm) C54 phase. The undesirable, 
high resistivity (60-90 μΩcm) phase of the same stoichiometry titanium silicide is 
termed C49. XRD analysis was carried out on thin film samples, and only the desired 
C54 peaks were detected [as shown in Fig. 3.10(a)] [3.5]. The peaks due to the silicide 
thin films (approximately 250 nm thick) were overshadowed by the peak due to the 
silicon substrate, under the Bragg-Brentano XRD conditions. To overcome this, the 
films were analysed using glancing angle XRD (GA-XRD, at an incidence angle of 5º), 
and more pronounced peaks at identical 2θ positions were obtained [Fig. 3.10(b)]. 
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(a) 
 
(b) 
Figure 3.10: Diffractograms obtained for titanium silicide from (a) Bragg-Brentano X-ray 
diffraction and (b) glancing angle X-ray diffraction. 
 
The results shown in Fig. 3.10 have been shifted to 2θ positions corresponding to 
the wavelength of copper kα1 radiation (λ = 0.154056 nm). This was done to enable 
comparison with the standard diffraction files from the International Centre for 
Diffraction Data. The background variations in Fig. 3.10(b) are an artefact of the 
diffractometer (observed in all glancing angle XRD analysis on that system), and are 
possibly due to reflections from the sample holder. 
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Figure 3.11: Reflection high-energy electron diffraction pattern obtained for titanium silicide with 
an accelerating voltage of 100 kV. 
 
Surface orientation analysis was performed using RHEED. Prior to analysis, the 
samples were dipped in concentrated hydrochloric acid, to remove surface oxide. The 
resulting pattern (as shown in Fig. 3.11) indicated a polycrystalline surface orientation, 
as expected from XRD. The rings obtained correspond to the XRD results, and to 
expected values of lattice spacing for C54 titanium silicide. RHEED analyses the top 
few monolayers of the thin film, while GA-XRD analyses a few hundred nanometres of 
the film (based on the films X-ray absorption properties). A comparison of these results 
indicates that the orientations presented in the upper monolayers of the film (from 
RHEED) correspond to the averaged orientation results (obtained from GA-XRD) for 
the bulk of the thin film. 
 
SAED patterns of the silicide obtained during the XTEM analysis were calibrated 
using the silicon SAED patterns (zone axis [011]), both of which were obtained under 
identical conditions. The silicide SAED corresponded to the C54 phase of titanium 
silicide as shown in Fig. 3.12 [3.6], and the obtained lattice spacings corresponded to 
those listed in the standard used for XRD data [3.5]. 
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Figure 3.12: Indexed selected-area electron diffraction pattern of a region of the titanium silicide 
thin film with the zone axis of [-112]. 
 
 
 
Figure 3.13: Energy filtered hollow cone dark field image confirming that the crystallites have 
the same orientation as the underlying grain. Inset: SAED patterns along TiSi2 [011] for the thin 
film and a crystallite. 
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Dark field imaging with hollow cone illumination was carried out to study the 
crystallographic orientation of titanium silicide crystallites at a grain boundary in the 
titanium silicide thin film. This indicates that the crystallites have the same orientation 
as the underlying titanium silicide grain. This is shown in Fig. 3.13. This was also 
confirmed by SAED patterns (inset images in Fig. 3.13). 
 
 
3.5 Other Analyses 
The formation of TiSi2 occurs with the consumption of silicon from the substrate 
[3.7, 3.8]. Figure 3.14 illustrates the manner in which 100 nm of titanium reacts and 
consumes about 227 nm of silicon to form ~251 nm of TiSi2. This ratio (of silicon 
consumption to silicide formation) was observed in all the samples processed, which 
was verified by measuring the step height of silicided patterns using a surface 
profilometer (XP-2 Surface Profilometer, Ambios Instruments, Inc.). The amount of 
silicon consumed was also measured by etching away the TiSi2 formed, in a 3 % 
hydrofluoric acid solution. All results were within ±5 % of expected values. Using 
measured values of thickness and the ‘four-point’ probe technique, the thin film 
resistivity of the silicides formed was found to be 11.5-14.5 μΩcm, which again 
corresponds to the resistivity expected for C54 titanium silicide [3.7]. 
 
 
Figure 3.14: Schematic representation of metal and silicon consumption in titanium silicide 
formation. 
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3.6 Conclusions 
This chapter presents results from a comprehensive characterization of titanium 
silicide (TiSi2) thin films formed from thin films of titanium deposited on silicon. TiSi2 thin 
films formed from evaporated and sputtered titanium were compared, and thin films 
formed from evaporated titanium were subject to further analyses. The titanium silicide 
films formed by annealing electron beam evaporated titanium films on silicon have a 
thin layer of oxide on the surface, but an oxygen-free TiSi2–Si interface. The 
stoichiometry, uniformity in composition with depth and the surface morphology of 
these thin films were studied using AES and SIMS depth profiles and AFM surface 
scans. All these results point to a chemically uniform film of the desired composition 
and the presence of crystallites on the surface at regular intervals. These crystallites 
were shown to have the same composition and orientation as the underlying thin film. 
XTEM analysis of the thin films was used to verify the presence of a layer of oxide on 
the surface, and high resolution XTEM images have shown a well-defined silicide–
silicon interface. SAED employed during the XTEM analysis confirmed the presence of 
C54 titanium silicide. The XRD results showed the existence of a polycrystalline film, 
with all orientations present corresponding to the desired C54 phase of TiSi2. Glancing 
angle XRD and RHEED were also used to analyse the thin films, in order to increase 
the intensity of reflections from the thin film (and decrease substrate effects). Thin film 
resistivity values in the range 11.5-14.5 μΩcm corresponding to C54 titanium silicide 
were measured. These results are also presented in [3.9-3.11]. 
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CHAPTER 4 
 
 
 
CHARACTERISATION OF NICKEL SILICIDE 
THIN FILMS 
 
 
This chapter presents results from extensive materials characterisation of nickel 
silicide thin films by a variety of spectroscopy, diffraction, and microscopy techniques. 
Nickel silicide thin films formed from sputtered and evaporated nickel have been 
compared. The chapter also discusses Raman spectroscopy results which compares 
nickel silicide thin film formation on (100) and (110) silicon. The focus has been on 
synthesising low resistivity monosilicide (NiSi) thin films. 
 
 
4.1 Silicide Thin Films from Sputtered and Evaporated Nickel 
Nickel silicide growth involves the consumption of silicon, when it is formed by 
thermally reacting nickel thin films deposited on silicon substrates. The composition of 
thin films formed as a result of reacting sputtered nickel and evaporated nickel on 
silicon was compared using AES depth profiles. 
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The following temperatures were among those used to anneal both evaporated 
and sputtered nickel films (50 nm) on silicon: 
(i) 200 ºC for 1 hour, followed by 350 ºC for 3 hours 
(ii) 250 ºC for 1 hour, followed by 350 ºC for 3 hours 
(iii) 250 ºC for 1 hour, followed by 400 ºC for 3 hours 
 
These temperatures were chosen because the formation of nickel silicide (NiSi) 
from silicon takes place through a series of stoichiometric transformations [4.1]. Nickel 
thin films on silicon react to form Ni2Si at about 250 ºC, NiSi at 350 ºC, and NiSi2 above 
650-700 ºC. 
 
 
Figure 4.1: AES depth profile of sputtered nickel thin film vacuum annealed at 250 ºC for 1 
hour, followed by 350 ºC for 3 hours. 
 
Depth profiles show that the sputtered nickel films annealed under the above 
conditions did not react completely with silicon, giving predominantly Ni2Si films (Fig. 
4.1). The AES depth profile of sputtered nickel films vacuum annealed at 600 ºC for 90 
minutes (Fig. 4.2) shows more complete reaction with silicon, giving NiSi with a 
composition of 48 % nickel to 52 % silicon. AES depth profiles of other sputtered films 
annealed under conditions (i) and (iii) were found to be similar to Fig. 4.1. 
   Chapter 4 
 
Characterisation of Nickel Silicide Thin Films  50 
 
 
 
Figure 4.2: AES depth profile for sputtered nickel thin film vacuum annealed at 600 ºC for 90 
minutes. 
 
 
 
Figure 4.3: AES depth profile for evaporated nickel thin film vacuum annealed at 350 ºC for 30 
minutes. 
 
Evaporated nickel films reacted using any of the conditions (i)-(iii) formed NiSi 
films, with the composition of the silicide (Fig. 4.3) being 49-50% nickel and 51-50% 
silicon. Evaporated nickel films were also annealed in vacuum at 350 ºC for different 
time periods of 30 minutes and 1 hour. Depth profiles of these films (formed using 50 
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nm evaporated nickel) showed them to be NiSi (with nickel and silicon ratios of almost 
50:50). Fig. 4.3 depicts the depth profile obtained for a NiSi film which was formed after 
30 minutes of vacuum annealing at 350 ºC. 
 
Compared to evaporated nickel films, it was found that more thermal effort was 
required to form NiSi using sputtered nickel films. Only sputtered nickel films which 
were annealed at a high temperature of 600 ºC appeared to have completely reacted. 
This could be attributed to variations in the diffusivity of metals in silicon, based on the 
metal thin film deposition technique [4.2]. 
 
Further materials characterisation using a suite of tools were carried out for NiSi 
thin films formed by vacuum annealing evaporated nickel thin films at 350 ºC for 30 
minutes. 
 
 
4.2 Composition and Surface Morphology Analysis 
The composition of nickel silicide thin films has been analysed using AES depth 
profiles, SIMS, and RBS. AFM has been used to study the surface morphology of the 
nickel silicide thin films. 
 
The atomic percentage versus nickel silicide depth was obtained using a 
combination of sputter etch and AES. The AES depth profile (Fig. 4.3) shows a uniform 
NiSi film, with a composition of 49-50 % nickel and 51-50 % silicon. No oxygen was 
observed, either on the surface or at the silicide-silicon interface. 
 
SIMS depth profiles were used to study the composition, uniformity, and potential 
oxygen contamination of the nickel silicide thin films. The profile (Fig. 4.4) indicates a 
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homogenous thin film with no trace of oxygen contamination on its surface. The 
presence of an abrupt interface is indicated by the sharp drop in the nickel signal on 
approaching the silicide-silicon interface (also verified using XTEM). 
 
 
 
 
Figure 4.4: SIMS depth profile of a nickel silicide thin film. 
 
   Chapter 4 
 
Characterisation of Nickel Silicide Thin Films  53 
 
RBS results indicate a nickel silicide layer of thickness 114 nm, with the 
simulated spectrum in close agreement with obtained data (Fig. 4.5).  The simulated 
spectrum was obtained by considering a multi-layered structure of nickel silicide thin 
films with nickel and silicon composition varying between 48-52 % for both elements. 
The two significant layers used in the simulation were a 40 nm layer of 51.0 % nickel 
and 49.0 % silicon and a 74 nm layer of 48.5 % nickel and 51.5 % silicon. The 114 nm 
thick layer with a stoichiometry close to NiSi agrees well with profilometry results. 
 
 
Figure 4.5: Spectrum from Rutherford back-scattering for a nickel silicide thin film. 
 
AFM has been used to study the surface morphology of the nickel silicide thin 
films. The average grain size and average surface roughness of these films was found 
to be 35 nm and 0.67 nm, respectively (Fig. 4.6). The films were found to be very 
smooth with the roughness values in agreement with those reported in literature [4.3]. 
The film surface was studied using a FEG-SEM, but the very smooth film surface 
(which is as smooth as silicon) prevented good resolution and contrast in the images of 
the film surface. 
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Figure 4.6: AFM 1 μm × 1 μm scan in tapping mode of a nickel silicide thin film. 
 
 
4.3 Transmission Electron Microscopy Analysis 
This section discusses the transmission electron microscopy (TEM)-based 
investigation of nickel silicide thin films: energy filtered imaging to study the thin film 
cross-sections, jump ratio maps to confirm the composition uniformity of the thin films, 
high resolution imaging (HRTEM) to characterise the silicide-silicon interface, and 
selected-area electron diffraction (SAED) to determine the orientation of the thin films. 
 
Cross-sectional transmission electron microscopy analysis was carried out along 
the length of the films, to study the uniformity in thickness and grain structure of the 
nickel silicide thin films. The film thickness was estimated to be about 110 nm 
(agreeing with the profilometry results) and remained reasonably uniform with an 
equiaxed grain structure evident along the length of the film. It was significant that a 
repetitive and uniform crystalline structure, with well defined equiaxed grains about 50-
60 nm in size, had resulted from the reaction of the nickel film deposited on silicon. 
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Figure 4.7: Results from TEM analysis of NiSi thin films: (a) XTEM highlighting equiaxed grains 
in the NiSi thin film in which Moiré (interference) fringes due to orientation differences between 
grains can be observed; (b) Notable features in the as-obtained image (a) are indicated; (c) 
Plan view, elastic hollow cone dark field image of the film, highlighting individual grains with 
dimensions of 60-200 nm; and (d) Plan view TEM image showing polygonal NiSi grains. 
 
The elastic (zero loss) image in Fig. 4.7(a) shows that the grains had an 
equiaxed grain structure, with grain diameters of about 60nm. Moiré fringes were 
present at oblique grain boundaries in the film [as indicated in Fig. 4.7(b)]. The 
interface between the NiSi and Si was not flat but showed some evidence of weak 
faceting beneath individual NiSi grains. This extended in the plane perpendicular to the 
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image in Fig. 4.7(a, b), giving rise to an oblique interface. This resulted in the interface 
appearing slightly blurred. This effect was more pronounced in the thicker regions of 
the TEM foil, as there was a greater projected thickness and consequently a greater 
pile-up of features in projection. In the very thinnest regions of the foil (those used for 
HRTEM – discussed later), the interface appeared much sharper. Plan view images 
highlighted the existence of small (~60 nm) crystalline grains [Fig. 4.7(c)], comparable 
to the equiaxed grains seen in cross-section. 
 
The compositional uniformity was studied using jump ratio maps. The intensity in 
these images is a function of the areal concentration of the element of interest. The 
ratio maps for nickel and silicon were obtained for the region corresponding to the 
bright field image shown in Fig. 4.7(a). These maps (Fig. 4.8) show no significant 
variation in the Ni and Si compositions. Some modulation due to diffraction contrast 
effects was present, but these were readily identified as such by their sensitivity to 
specimen tilt. No unreacted Ni was found. The bright line on the outer surface is an 
EFTEM artefact induced by specimen drift during the long acquisition and ratio map 
processing, since no equivalent features were present in the bright field image [Fig. 
4.7(a)]. 
 
 
Figure 4.8: Jump ratio maps corresponding to content of (a) nickel and (b) silicon. 
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High resolution transmission electron microscopy (HRTEM) imaging indicates the 
presence of a very abrupt nickel silicide to silicon interface (Fig. 4.9). The silicon lattice 
appears to abruptly transform into the nickel silicide lattice in the span of one atomic 
layer. On studying this interface at different points along the nickel silicide film, the 
faceting introduced by the silicide grains appears to have introduced a curvature to the 
silicide-silicon interface. 
 
 
 
Figure 4.9: HRTEM of the nickel silicide to silicon interface depicting the abrupt silicide-silicon 
interface. 
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4.4 Orientation Analysis 
The orientation of the thin films was studied using a combination of Kikuchi 
patterns (or EBSPs) obtained by electron back scatter diffraction (EBSD) and glancing 
angle X-ray diffraction (GA-XRD). 
 
 
Figure 4.10: (a) Simulated three-dimensional EBSD pattern corresponding to the crystal phase 
defined in Table 1. Inset is a 2 × 2 × 2 array of the nickel silicide unit cell. (b, c) Example of a 
recorded EBSP and the simulation used for indexing this EBSP. (d) Example of an EBSP 
showing a different orientation to the EBSP in (b). The low contrast in the EBSPs is due to the 
ultra-fine grain structure of the nickel silicide thin films. 
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Table 4.1: Nickel silicide unit cell parameters for EBSD. 
Composition Silicon 50%, Nickel 50% 
Space group 62, Pnma 
Laue group 3, mmm 
Unit cell lengths 5.18 Å, 3.34 Å, 5.62 Å 
Unit cell angles 90º, 90º, 90º 
Unit cell volume 97.23 Å3 
 
 
The nickel silicide crystal phase used for the indexing the EBSPs is shown in 
Table 4.1. This crystal phase was obtained from [4.4] and also corresponds to the 
International Committee for Diffraction Data (ICDD) nickel silicide powder diffraction file 
85-0901 [4.5]. The multi-part figure (Fig. 4.10) shows a sample set of the simulations 
generated and results obtained. A three-dimensional simulation of the EBSPs is shown 
in Fig. 4.10(a) overlaid on a 2 × 2 × 2 nickel silicide unit cell array. An example of an 
experimentally obtained EBSP is shown in Fig. 4.10(b). The ultra-fine grain size of the 
nickel silicide thin films prevents better contrast in these patterns and also limits the 
number of locations on the film surface which produce usable patterns. Due to this, 
indexing of selected patterns was performed manually to compare the results with the 
simulated pattern. Based on simulations, recorded patterns were indexed, as shown by 
the combination of Figs. 4.10(b, c). An additional example of a recorded EBSP is 
shown in Fig. 4.10(d). 
 
EBSD analysis was used to investigate the uniformity in crystallographic 
orientation across the thin film. The orientations resulting from the indexing of EBSPs 
compared very well with the results obtained from GA-XRD, and these indicate the 
existence of preferential orientations. There is no available literature showing that 
EBSD has been used to analyse nickel silicide thin films, and the results obtained 
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indicate that further work is required in refining the EBSP acquisition parameters to 
account for the ultra-fine grain size of the nickel silicide thin films before detailed 
orientation maps can be generated. 
 
 
Figure 4.11: Glancing angle X-ray diffraction results obtained for a nickel silicide thin film 
sample indicate preferential orientation. 
 
GA-XRD (Fig. 4.11) of the nickel silicide thin films indicates the films to be 
polycrystalline with preferential orientation. The peaks obtained in the diffractograms 
were compared with the International Committee for Diffraction Data powder diffraction 
file (ICDD PDF) 85-0901 (Cu kα) for indexing [4.5]. These results also indicate that the 
films are of the NiSi (monosilicide) phase, and not undesirable Ni2Si or NiSi2 phases. 
 
 
4.5 In Situ XRD and Raman Spectroscopy Analysis 
The in situ techniques employed for this study include micro-Raman 
spectroscopy and X-ray diffraction (XRD); in both cases the variations for temperatures 
up to 350 ºC has been studied. The evolution of NiSi from Ni2Si is discussed and the 
influence of substrate orientation is investigated. These techniques have also been 
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used to study variations in nickel silicide formation between n-type and p-type silicon. 
The silicon wafers had a resistivity of 1-10 Ωcm, corresponding to a n-type and p-type 
dopant concentration of 4 x 1014 - 5 x 1015 atoms/cm3 and 1 x 1015 - 1 x 1016 atoms/cm3, 
respectively [4.6]. 
 
4.5.1 Raman analysis of reference NiSi sample 
A Raman spectrum obtained for the reference nickel silicide thin film (formed by 
vacuum annealing at 350 ºC) is shown in Fig. 4.12. The NiSi thin film used as a 
reference was extensively characterised (Sections 4.2 to 4.4) to verify it was of the 
required low resistivity monosilicide phase, and so, the corresponding Raman spectrum 
was used to identify transformation of Ni to NiSi in the nickel films under in situ study. 
 
NiSi belongs to the MnP-type orthorhombic structure (space group Pnma, D2h16); 
therefore, the film is Raman active. In accordance with group theory (see, for example 
[4.7] and [4.8]), 12 Raman active optical phonons exist for NiSi.  Each of these 12 
optical phonons can be observed in the Raman spectra of NiSi single crystal collected 
in a specific measurement geometry. Raman spectra of NiSi films, NiSi powder, and 
polycrystalline NiSi will contain only some of these modes.  Depending on the degree 
of texture, some Raman active modes may be more pronounced than others in thin film 
spectra. Donthu et al. [4.8] identifies eight phonon peaks for nickel silicide powder at 
197, 214, 255, 288, 314, 332, 360, and 397 cm-1. Peaks at 197, 216, 256, 289, 314, 
332, and 362 cm-1 were observed in the Raman spectra for the nickel silicide thin film 
shown in Fig. 4.12. According to factor group analysis, the peaks 197, 216, 332, and 
362 cm-1 can be assigned to the Ag symmetry, while peaks at 256 and 314 cm-1 may 
belong to either B2g or B3g symmetry [4.8]. The five other phonon peaks, expected from 
group theory and, in particular, the peak at 397 cm-1 [4.8], were not observed in this 
work. 
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Figure 4.12: Micro-Raman spectrum of nickel silicide film formed at 350 ºC by vacuum 
annealing (reference sample). 
 
4.5.2 In situ measurement results for nickel on n-type (100) silicon 
Raman spectra obtained while heating nickel thin films on n-type (100) silicon are 
shown in Fig. 4.13(a). The absence of peaks for the as-deposited Ni film (see spectrum 
at 24 ºC, for example) is typical for metallic films that have no optic lattice vibrations. 
Ni2Si peaks are expected at 100 and 140 cm-1, but due to the presence of strong 
background in this region of the spectra and relatively large noise, the appearance and 
disappearance of the Ni2Si phase cannot be conclusively determined. However, these 
two peaks are typically accompanied by a small peak at ~217 cm-1 and a very weak 
peak at ~ 190 cm-1 [4.9, 4.10] related to the existence of the NiSi phase. Therefore, in 
this work, the presence of the Ni2Si phase has been determined based on the 
appearance of a small single peak at ~215 cm-1, while confirmation on the formation of 
NiSi phase was made from the appearance of a double peak at ~196 and 215 cm-1. 
Based on this it seems that the Ni2Si and NiSi phases start to form at 250 ºC and 290 
ºC, respectively. 
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(a) 
 
(b) 
Figure 4.13: (a) Micro-Raman spectra and (b) X-ray diffractograms registered at different 
temperatures for nickel thin film deposited on n-type (100) silicon substrate. 
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The diffractograms in Fig. 4.13(b) show the XRD peaks obtained while the 
sample was heated to 350 ºC. Nickel and silicide peaks are concentrated in the 2θ 
range of 40-50º; the peaks at 44.54º and 45.88º are those of nickel (from the sample) 
and platinum (from the heating stage), respectively [4.11, 4.12]. Due to thermal 
expansion, peaks shift left; the shifts are more prominent in nickel than in platinum. 
This could be due to platinum and nickel being located at different heights with respect 
to the detector and the different thermal expansion coefficients of the two metals. When 
the sample reaches a temperature of 250 ºC, there is a drop in intensity of the nickel 
peak and a small peak appears at 47.09º which corresponds to Ni2Si [4.13].  At 325 ºC, 
the nickel silicide (NiSi) peak at 45.21º becomes prominent. The diffractogram labelled 
‘350 ºC (30 minute dwell)’ in Fig. 4.13(b) corresponds to the XRD data collected after 
the sample was held at 350 ºC for 30 minutes and this indicates a nickel silicide thin 
film with a preferential (211) orientation. 
 
4.5.3 In situ measurement results for nickel on p-type (100) silicon 
Raman measurements were carried out for these samples under conditions 
similar to those for n-type (100) silicon substrates. The spectra obtained at various 
temperatures are shown in Fig. 4.14(a). The weak single peak at ~215 cm-1 (Ni2Si) 
again appears at 250 ºC and double peaks at 215.6 and 196.5 cm-1 (NiSi) start to 
appear at 290 ºC. The diffractograms in Fig. 4.14(b) show the XRD peaks obtained 
while the sample was heated to 350 ºC. The peaks at 44.54º and 45.88º are those of 
nickel (from the sample) and platinum (from the heating stage), respectively [4.11, 
4.12]. The drop in intensity of the nickel peak occurs at 325 ºC. After dwelling at 350 ºC 
for 30 minutes, the nickel silicide (NiSi) peak at 45.21º corresponding to (211) 
orientation becomes prominent. There is a small peak at 46.75º which corresponds to 
nickel silicide (121), and appears only during the initial 350 ºC measurements. The 
peak for Ni2Si at 47.09º is not prominent during this measurement cycle. 
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(a) 
 
(b) 
Figure 4.14: (a) Micro-Raman spectra and (b) X-ray diffractograms registered at different 
temperatures for nickel thin film deposited on p-type (100) silicon substrate. 
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4.5.4 In situ measurement results for nickel on p-type (110) silicon 
Raman spectra obtained while heating nickel thin films on p-type (110) silicon are 
shown in Fig. 4.15. The formation of Ni2Si and the transformation from Ni2Si to NiSi 
seem to occur at slightly higher temperatures on these samples when compared to the 
nickel deposited on (100) silicon substrates. The spectrum at 350 ºC indicates a 
polycrystalline film with strong NiSi peaks at 215.6 and 196.5 cm-1 and weak NiSi 
peaks at 255, 289, 310, 332 and 362 cm-1. 
 
In situ XRD measurements could not be carried out for nickel films on p-type 
silicon due to equipment being offline for over 12 months. 
 
 
Figure 4.15: Micro-Raman spectra registered at different temperatures for nickel thin film 
deposited on p-type (110) silicon substrate. 
 
   Chapter 4 
 
Characterisation of Nickel Silicide Thin Films  67 
 
 
4.6 Other Analyses 
Nickel, on formation of nickel silicide (NiSi), consumes about 1.83 nm of silicon 
for every 1 nm of metal, resulting in 2.34 nm of silicide [4.14]. It was observed that the 
metal step height of 50 nm had reduced to silicide step height of 25 nm on (100) n-type 
silicon samples after nickel silicide (NiSi) formation (as shown in Fig. 4.16). This was 
verified using a surface profilometer (XP-2 Surface Profilometer, Ambios Instruments, 
Inc.). Nickel silicide was etched using the Freckle etch solution (70% phosphoric acid, 
10% acetic acid, 5% nitric acid, 5% tetrafluoroboric acid, 10% deionised water) [4.15]. 
Freckle etch is a selective etchant for nickel silicide and does not etch nickel. From the 
etching process and profilometry, the total silicide thickness was found to be 115 nm 
and this showed there was no unreacted nickel on the surface. Using measured values 
of thickness and the ‘four-point’ probe technique, the thin film resistivity of the nickel 
silicide formed was found to be 14-18 μΩcm, which corresponds well to values 
obtained in literature [4.16]. 
 
 
 
Figure 4.16: Schematic representation of metal and silicon consumption in nickel silicide 
formation. 
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4.7 Conclusions 
This chapter discusses, in detail, the formation and characterisation of NiSi thin 
films. NiSi films formed by vacuum annealing of sputtered and evaporated nickel films 
have been compared using AES depth profiles. Nickel silicide of NiSi composition was 
formed using evaporated nickel and several annealing temperatures and time periods. 
Higher thermal energy was required to form NiSi using sputtered nickel films, which did 
not react uniformly with silicon at lower temperature conditions. These results are 
presented in [4.17]. 
 
Nickel silicide thin films formed by vacuum annealing of nickel thin films on silicon 
substrates have been studied by spectroscopy, microscopy, and diffraction techniques. 
Spectroscopy results from AES, SIMS, and RBS indicate (i) the presence of the 
desired 1:1 nickel and silicon stoichiometry, (ii) uniform composition with depth, and (iii) 
lack of oxygen contamination either on the film surface or at the silicide-silicon 
interface. AFM scan results and TEM analyses have shown that the films have an 
extremely smooth surface (as smooth as silicon with an average surface roughness of 
0.67 nm) comprising of ultra-fine grains approximately 30-50 nm in diameter. HRTEM 
showed that the nickel silicide to silicon interface was atomically abrupt. GA-XRD 
confirmed that the phase formed was NiSi; with the thin films preferentially oriented 
with (211) NiSi planes parallel to the (100) planes of the silicon substrate. EBSD 
analysis has shown that the films are preferentially oriented, confirming results from 
XRD analysis. These results have been reported in [4.18] and [4.19]. 
 
The evolution of nickel silicide (NiSi) from the nickel film was observed using both 
Raman and XRD in situ studies. Raman studies of nickel silicide formation on both n-
type and p-type (100) silicon substrates suggest that the transformation temperatures 
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for both are similar (~ 290 ºC); though XRD studies indicate the transformation 
temperature to be ~ 325 ºC for p-type (100) silicon. This discrepancy could be due to 
the fact that the laser used for Raman measurements analyses a much smaller area 
(few μm2) compared to XRD (few mm2). Raman spectra also indicate that the 
transformation from Ni2Si to NiSi occurs approximately at 300 ºC for (110) silicon as 
opposed to 290 ºC for (100) silicon. These results are presented in [4.20]. 
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CHAPTER 5 
 
 
 
SPECIFIC CONTACT RESISTIVITY 
MEASUREMENTS 
 
 
5.1 Introduction 
The resistance posed by an interface is quantified using its specific contact 
resistivity (SCR, denoted using ρc with units Ωcm2) [5.1], and multiple techniques have 
been utilised in measuring SCR values. The source of this SCR is the difference in the 
work function (related to density of charge carriers) resulting in a barrier height 
between two materials, as defined by (5.1) [5.2-5.5]. Even in the case of both materials 
being conductors, differences in conductive properties and material stoichiometry can 
cause a resistance at the contact interface. 
 
exp B eff
D
c c0
2 m
ρ = ρ
N
⎛ ⎞Φ⎜ ⎟⎜ ⎟⎝ ⎠?
ε
 (5.1) 
where, ρc is the specific contact resistivity, ρc0 a constant dependent on the two 
materials, ΦB the barrier height, meff the effective mass of the carrier, ε the permittivity, 
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?  the Planck’s constant, and ND the doping concentration. 
 
Cross Kelvin Resistor (CKR) test structures were shown to be suitable for the 
measurement of low values of SCR, but the use of cumbersome error correction curves 
to evaluate the value of SCR and inherent inaccuracies in the technique served as 
deterrents for the widespread use of this test structure [5.6-5.9]. Using a combination of 
analytical calculations and finite element modelling, a simplified approach to this 
problem of SCR evaluation using CKR test structures with varying contact sizes was 
developed, at RMIT University prior to the start of this research program [5.10]. 
 
This chapter reports on further development of this technique, with experimental 
demonstration of the accuracy of this technique in estimating SCR lower than the 
previously limiting values of 10-8 to 10-7 Ωcm2. This experimental demonstration utilises 
the optimised silicide thin films synthesised and characterised during this doctoral 
program (Chapters 3 and 4). This chapter discusses the use of CKR test structures and 
highlights analytical expressions, using a combination of which a simplified technique 
to accurately determine SCR was developed. The accuracy of this technique has been 
demonstrated using two types of ohmic contacts – aluminium (Al) to titanium silicide 
(TiSi2) contacts and aluminium to nickel silicide (NiSi) to doped silicon contacts. 
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5.2 Specific Contact Resistivity Evaluation 
5.2.1 Cross Kelvin resistor test structure 
 
Figure 5.1: Schematic of a CKR test structure. Notations used in discussions are denoted. 
 
 
 
Figure 5.2: Schematic showing circular equipotentials assumed around the contact in a CKR 
test structure. Some notations used in the analytical model are shown. 
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The CKR test structure [5.11-5.13], as shown in Fig. 5.1, consists of two ‘L’-
shaped regions (of width w) consisting of the two materials of interest. In the simplest 
form of the CKR test structure, the two materials overlap directly in which case the 
contact area corresponds to the overlap area. For contact resistance evaluation, CKR 
test structures use contacts of defined areas (circular contacts with diameter d), 
achieved by defining the contact in an intermediate insulator layer, as shown in Fig. 
5.1. The applied current results in a voltage drop across the contact (and the one or 
more interfaces present) as a result of the resistance posed by the structure. This 
voltage drop is measured using a voltage tap, and the measured voltage is termed the 
Kelvin voltage (VK). 
 
5.2.2 Accurate evaluation technique 
Circular equipotential contours are expected to exist around the contact as 
shown in Fig. 5.2. In using a CKR test structure, the voltage is measured using a 
perpendicular voltage tap, and parasitic resistances contributed by the surrounding 
semiconductor or silicide region influence the measurements. The analytical model 
proposed identifies the contributions from the parasitic resistances and enables the 
extraction of the true specific contact resistivity value (ρc) from the measured specific 
contact resistivity value (ρc’). As shown in Fig. 5.2, the width of the CKR arm is 
represented using radius r1 (r1 = w/2) and the contact diameter is represented by radius 
r0 (r0 = d/2). The layer of interest (the higher resistance layer) has a sheet resistance 
denoted by RSH (Ω/sq) which is the resistance posed by a square area of thin film. 
 
For a sandwich-type contact, with uniform current through the cross-section the 
specific contact resistivity is defined by (5.2); this does not always apply for planar 
structures (such as the CKR) and has to be recalculated. 
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c COρ = R A  (5.2) 
 
Using the CKR test structure the Kelvin resistance (RK) is measured using the 
input current and the resulting Kelvin tap voltage using (5.3). This resistance is a 
combination of the contact and parasitic resistances (RCO and RP, respectively). The 
measured specific contact resistivity from the CKR is, therefore, not the true specific 
contact resistivity value (ρc) but includes parasitic contributions. For the true value of 
specific contact resistivity, the area needs to tend to zero (A → 0; infinitesimally small 
contact), due to which the contact resistance will dominate the parasitic resistance (RCO 
» RP). The two resistance components in (5.5) need to be evaluated to determine ρc’. 
 
K
K
VR =
I
 (5.3) 
K PCOR = R + R  (5.4) 
Kcρ ' = R A  
( )PCO= R + R A  (5.5) 
 
Using an analytical model based on Bessel function equations (previous work 
and [5.14-5.16]), expressions for RCO and RP were determined as follows. 
 
2
c SH 0
CO
c
R rρR = 1 +
A 8ρ
⎛ ⎞⎜ ⎟⎝ ⎠
 (5.6) 
1
0
1rSH
P
r
RR = dr
2π r∫  
ln 1
0
SHR r=  
2π r
⎛ ⎞⎜ ⎟⎝ ⎠
 (5.7) 
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Using (5.6) and (5.7) in (5.5), an expression for the measured value of specific 
contact resistivity can be obtained: 
ln 1
0
2
c SH 0 SH
c
c
R r Rρ r
ρ ' = 1 + +  A
A 8ρ 2π r
⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦
 
ln 1
0
2
SH 0 SH
c
R r R A r= ρ  
8 2π r
⎛ ⎞+ + ⎜ ⎟⎝ ⎠
 (5.8) 
 
Considering that r0 and r1 correspond to d/2 and w/2, respectively, these 
substitutions are made in (5.8). The contact area A is also replaced by the equivalent in 
terms of the contact diameter d (A = πd2/4). 
 
ln
2 2
SH SH
c c
R d R d w
ρ ' = ρ  
32 8 d
⎛ ⎞+ + ⎜ ⎟⎝ ⎠  
ln
2 2
SH
c 2
R d w 1 d= ρ  
8 w 4 w
⎡ ⎤⎛ ⎞+ − ⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦  
ln
22
SH
c
R w d d 1= ρ  
8 w w 4
⎡ ⎤⎛ ⎞ ⎛ ⎞− −⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦  (5.9) 
 
 
This expression indicates, that as initially considered, as d → 0, ρc’ → ρc. 
Considering the geometry of the CKR test structure, this expression is a function of 
d/w, with additional dependence on w. So, for a chosen w, if ρc’ values for a collection 
of contacts with varying d/w ratios are obtained, the values of ρc’ as d/w → 0 tend 
towards the true value of SCR (ρc). 
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5.3 Aluminium to Titanium Silicide Ohmic Contacts 
These ohmic contacts comprise of two thin film layers (Al and TiSi2) and the 
interface of the two. The fabrication steps involved in creating these ohmic contacts is 
detailed is Section 2.6.1. SCR measurements for Al-TiSi2 contacts annealed at 450 ºC 
and 500 ºC are discussed here. 
 
 
 
Figure 5.3: Comparison of measured specific contact resistivity values before, after 30 minutes, 
and after 300 minutes of annealing at 450 ºC for CKR test structures with silicide arm width of 9 
μm. The lines of least square fit for each set of data points are shown and the dotted lines are 
only to assist the reader in extrapolation of the data. 
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Table 5.1: Measured and evaluated values of specific contact resistivity for Al-TiSi2 ohmic 
contacts annealed at 450 ºC for different annealing durations (CKR arm width of 9 μm). 
Anneal time 
(minutes) 
ρc'(max) 
(Ωcm2) 
ρc'(min) 
(Ωcm2) 
ρc 
(Ωcm2) 
0 1.7 x 10-5 9.1 x 10-7 2.0 ± 0.5 x 10-7 
30 8.3 x 10-8 1.7 x 10-8 6.0 ± 1.0 x 10-9 
60 6.8 x 10-8 1.6 x 10-8 6.0 ± 1.0 x 10-9 
90 6.4 x 10-8 1.5 x 10-8 5.0 ± 1.0 x 10-9 
120 6.2 x 10-8 1.5 x 10-8 4.5 ± 1.0 x 10-9 
180 5.6 x 10-8 1.2 x 10-8 4.0 ± 1.0 x 10-9 
240 5.4 x 10-8 9.0 x 10-9 3.0 ± 0.5 x 10-9 
300 5.2 x 10-8 8.6 x 10-9 2.0 ± 0.5 x 10-9 
 
 
Table 5.2: Measured and evaluated values of specific contact resistivity for Al-TiSi2 ohmic 
contacts annealed at 500 ºC for different annealing durations (CKR arm width of 11 μm). 
Anneal time 
(minutes) 
ρc'(max) 
(Ωcm2) 
ρc'(min) 
(Ωcm2) 
ρc 
(Ωcm2) 
0 1.5 x 10-5 9.0 x 10-7 4.0 ± 1.0 x 10-7 
30 2.5 x 10-8 6.0 x 10-9 3.0 ± 0.5 x 10-9 
60 2.3 x 10-8 4.0 x 10-9 2.0 ± 0.5 x 10-9 
90 2.2 x 10-8 3.3 x 10-9 1.5 ± 0.5 x 10-9 
120 1.8 x 10-8 3.0 x 10-9 1.0 ± 0.5 x 10-9 
150 1.6 x 10-8 2.4 x 10-9 9.0 ± 2.0 x 10-10 
180 2.2 x 10-8 2.0 x 10-9 6.0 ± 1.0 x 10-10 
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The graph shown in Fig. 5.3 presents the measured SCR values (ρc’) for Al-TiSi2 
ohmic contacts annealed at 450 ºC; these measured values include parasitic 
resistance contribution and the true SCR value (ρc) is extracted from a collection of 
these values. Fig. 5.3 shows the measured SCR values for CKR structures with varying 
contact diameters and arm width of 9 μm. The graph clearly indicates the steep fall in 
the SCR values on annealing the contacts for 30 minutes. Subsequent annealing 
reduces the values further. Table 5.1 summarises the results obtained, showing the 
maximum and minimum SCR values measured (ρc’(max) and ρc’(min), respectively) along 
with the estimated true SCR value (ρc’). The lowest measured ρc’ value (8.6 x 10-9 
Ωcm2) can be extrapolated to yield a true SCR value of 2.0 x 10-9 Ωcm2. 
 
Similar measurements were also carried out by annealing at 500 ºC and the 
results are summarized in Table 5.2. It can be observed that the increased annealing 
temperature promotes faster decrease in measured SCR values. Fig. 5.4(a) illustrates 
SCR values measured after 180 minutes of annealing for different CKR line widths. 
Measured SCR values are higher for widths of 21 and 32 μm due to larger parasitic 
resistances contributed by the silicide sheet resistance, which increases as w 
increases [5.10]. The lowest measured ρc’ value (2.0 x 10-9 Ωcm2) can be extrapolated 
to yield a SCR value of 6.0 x 10-10 Ωcm2. Further annealing beyond 180 minutes did not 
reduce the SCR values. This SCR value of 6.0 x 10-10 Ωcm2 is the lowest reported for 
any two-layer contact. 
 
Analytical models were created for Al-TiSi2 ohmic contacts using equation (5.8). 
These models were created for CKR line widths (w) of 11, 21, and 32 μm and various 
contact diameters (d) in order to obtain results for d/w values ranging from 0.01 to 0.7. 
RSH and ρc values of 0.45 Ω/sq and 6.0 x 10-10 Ωcm2 were used to create these models. 
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The sheet resistance corresponds to that of the TiSi2 layer. As described, when d → 0, 
ρc → ρc’, in (5.9). Mathematically, substitution of d = 0 will result in zero [and not NaN 
(not a number)] as 
ln 0,
x 0
dlim   x (x) = where x
w→
≡  (5.10) 
 
As shown in Fig. 5.4(b), the results from the analytical expression correspond 
very well to the experimental values obtained. The error in measured SCR values is 
very small, which can be observed from the limited scatter in the data presented. The 
true SCR values evaluated from the measured set of values has an error of about 25 
%, which is highly acceptable considering the range of SCR values under consideration 
(10-10 to 10-8 Ωcm2). 
 
 
(a) 
Figure 5.4 continued .... 
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(b) 
Figure 5.4: Comparison of measured specific contact resistivity values after 180 minutes of 
annealing at 500 ºC for CKR test structures with silicide arm widths of 11, 21, and 32 μm. (a) 
The lines of least square fit for each set of data points are shown and the dotted lines are only 
to assist the reader in extrapolation of the data. (b) The lines correspond to results obtained 
using the analytical expression in (5.9). 
 
 
5.4 Aluminium to Nickel Silicide to Doped Silicon Ohmic 
Contacts 
This section reports on the characterisation of ohmic contacts comprising of 
aluminium (Al) to nickel silicide (NiSi) to doped silicon. These ohmic contacts consist of 
three layers (Al, NiSi, and doped Si) and two interfaces (Al-NiSi and NiSi-doped Si). 
The SCR values which are reported in this section are composite values for this multi-
layer stack, but is expected to be dominated by the NiSi-doped Si interface, as the Al-
NiSi interface is between two conductors (similar to the Al-TiSi2 discussed earlier).  
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The silicon was doped with antimony (Sb) using two implant energy levels, in 
order to attain two different peak concentrations at the silicide-silicon interface (the 
dominant resistive interface). Ion implantation conditions and CKR test structure 
fabrication steps are described in Section 2.6.2. This section highlights the influence of 
this variation in dopant concentration on SCR values, and compares these results to 
SCR values measured for p-type boron (B) implantation. During this process, some of 
the lowest values of SCR for contacts to doped silicon have been evaluated. 
 
5.4.1 SCR measurements of Al/NiSi/Sb-doped Si 
Tables 5.3 and 5.4 list the highest and lowest measured SCR values (ρc’) for 
Al/NiSi/Sb-doped Si contacts annealed at 300 ºC. These measured values (ρc’) include 
parasitic resistance contribution, and the true SCR value (ρc) is extracted from a 
collection of these values. It can be seen that the extrapolated SCR values for samples 
with antimony implanted at 20 keV and 40 keV are 5.0 x 10-9 Ωcm2 and 1.0 x 10-7 
Ωcm2, respectively, after 90 minutes of annealing. Further annealing does not cause 
any difference in measured SCR values. 
 
Table 5.3: Measured and evaluated values of specific contact resistivity for Al/NiSi/Sb-doped Si 
(implantation energy of 20 keV) ohmic contacts annealed at 300 ºC for different annealing 
durations (CKR arm width of 20 μm). 
Anneal time 
(minutes) 
ρc'(max) 
(Ωcm2) 
ρc'(min) 
(Ωcm2) 
ρc 
(Ωcm2) 
0 1.1 x 10-4 2.9 x 10-7 1.0 ± 0.5 x 10-7 
30 3.0 x 10-5 2.8 x 10-8 1.0 ± 0.5 x 10-8 
60 5.4 x 10-6 7.9 x 10-9 5.0 ± 1.0 x 10-9 
90 5.4 x 10-6 7.9 x 10-9 5.0 ± 1.0 x 10-9 
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Table 5.4: Measured and evaluated values of specific contact resistivity for Al/NiSi/Sb-doped Si 
(implantation energy of 40 keV) ohmic contacts annealed at 300 ºC for different annealing 
durations (CKR arm width of 20 μm). 
Anneal time 
(minutes) 
ρc'(max) 
(Ωcm2) 
ρc'(min) 
(Ωcm2) 
ρc 
(Ωcm2) 
0 1.4 x 10-4 1.8 x 10-6 9.0 ± 1.0 x 10-7 
30 3.6 x 10-5 4.6 x 10-7 3.0 ± 0.5 x 10-7 
60 3.3 x 10-5 4.0 x 10-7 1.0 ± 0.5 x 10-7 
90 3.3 x 10-5 4.0 x 10-7 1.0 ± 0.5 x 10-7 
 
 
 
  
(a)      (b) 
Figure 5.5: SIMS depth profiles of a multi-layer test structure formed to study the SCR of nickel 
silicide to n-type silicon. The antimony dopant profiles obtained with implant energies of (a) 40 
keV and (b) 20 keV are shown. 
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SIMS depth profiles were obtained for the entire stack of layers (Al/NiSi/Sb-
doped Si) to study the uniformity of layers and the positions and relative peak 
concentrations of the implant species with respect to the NiSi-Si interface. It was 
observed from the two SIMS depth profiles that the counts corresponding to the 
concentration of antimony in the samples implanted at 20 keV is ~100 times higher 
relative to that for the samples implanted at 40 keV (Fig. 5.5). Quantified 
concentrations could not be obtained due to the unavailability of SIMS standards. The 
higher concentration in the lower energy implant is expected as the implant dose in 
both samples was the same. 
 
 
 
Figure 5.6: Comparison of measured specific contact resistivity values after 90 minutes of 
annealing at 300 ºC for CKR test structures with silicide arm widths of 8, 10, and 20 μm. These 
curves were obtained by annealing the samples with antimony implanted at 40 keV. The lines of 
least square fit for each set of data points are shown and the dotted lines are only to assist the 
reader in extrapolation of the data. 
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Figure 5.6 illustrates SCR values measured for the samples implanted with 
antimony at 40 keV, after 90 minutes of annealing, for different CKR arm widths w of 8, 
10, and 20 μm. It is apparent that the measured values of SCR are higher as the CKR 
arm width increases. This is due to parasitic resistances contributed by the sheet 
resistance of the two ‘L’s – especially the doped silicon region – which increases as w 
increases. The SCR values determined by extrapolation are between 0.7-1.5 x 10-7 
Ωcm2 for the different values of w, which is within acceptable levels of errors in SCR 
measurements. 
 
A comparison of measured SCR values (for w of 20 μm) after 90 minutes of 
annealing for the samples with the two different antimony implant energies is shown in 
Fig. 5.7. This figure shows that the SCR of the samples with the higher dopant 
concentration, as inferred from the SIMS depth profiles, is much lower. The SCR value 
for the samples implanted at 20 keV is 5.0 x 10-9 Ωcm2 as against 1.0 x 10-7 Ωcm2 for 
the samples implanted at 40 keV. 
 
These ρc values were used in (5.9) to create analytical models for the two ohmic 
contacts [as shown in Fig. 5.7(b)]. The carrier concentration determined using SRIM in 
Table 2.3 and [5.17] were used to determine the resistivity of the doped region. 
Assuming that the thickness of the doped region is the same as the ion range 
(considering a Gaussian distribution), the mean sheet resistance (RSH) of the antimony 
doped region was determined to be 5.4 Ω/sq and 69 Ω/sq for the samples implanted at 
20 keV and 40 keV, respectively. The excellent agreement of the resulting data with 
experimental results validates this assumption. 
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(a) 
 
(b) 
Figure 5.7: Comparison of measured specific contact resistivity values after 90 minutes of 
annealing at 300 ºC for CKR test structures with silicide arm width of 20 μm. These curves 
compare samples with antimony implanted at 20 keV and 40 keV. (a) The lines of least square 
fit for each set of data points are shown and the dotted lines are only to assist the reader in 
extrapolation of the data. (b) The lines correspond to results obtained using the analytical 
expression in (5.9). 
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The evaluated SCR value of 5.0 x 10-9 Ωcm2 is one of the lowest evaluated 
values reported for a doping concentration of 4.0 x 1021 atoms/cm3 for an Al/NiSi/Sb 
doped silicon three-layer contact. The magnitude of this SCR value is comparable to 
6.3 x 10-9 Ωcm2 published in [5.18] for a doping concentration of 1.46 x 1020 atoms/cm3 
for a NiSi/As-doped silicon contact. 
 
 
5.4.2 SCR measurements of Al/NiSi/B-doped Si 
Similar SCR measurements were also carried out for boron doped silicon. Table 
5.5 lists the measured and evaluated values of SCR, with 90 minutes of annealing 
yielding an extrapolated ρc  of 3.5 x 10-9 Ωcm2. Fig. 5.8 plots measured SCR values 
before annealing, after 30 minutes, and after 90 minutes annealing. The SCR values 
were obtained for CKR line widths of 20 μm. There is a significant decrease in SCR 
values after the first 30 minutes of annealing, with further annealing causing small 
changes. The SCR values obtained after 60 and 90 minutes of annealing were very 
similar, with further annealing causing no difference. This evaluated value of 3.5 x 10-9 
Ωcm2 is the lowest reported value for a metal-silicide contact to p-type doped silicon. 
SIMS depth profiling was used to successfully verify the presence of boron, but 
limitations in the system used prevent attainment of strong intensity counts for boron. 
 
Figure 5.9 compares the experimental and analytical results for the boron 
implanted samples after 90 minutes of annealing. These SCR values were obtained for 
CKR line width of 30 μm. These measured SCR values also extrapolate to a ρc of 3.5 x 
10-9 Ωcm2. The analytical model uses a mean RSH of 43.47 Ω/sq which corresponds to 
that of the boron implanted silicon region. This value was derived in the same manner 
as that for antimony doped samples. 
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Table 5.5: Measured and evaluated values of specific contact resistivity for Al/NiSi/B-doped Si 
(implantation energy of 23.5 keV) ohmic contacts annealed at 300 ºC for different annealing 
durations (CKR arm width of 20 μm). 
Anneal time 
(minutes) 
ρc'(max) 
(Ωcm2) 
ρc'(min) 
(Ωcm2) 
ρc 
(Ωcm2) 
0 8.5 x 10-5 2.1 x 10-7 1.0 ± 0.5 x 10-7 
30 8.2 x 10-6 2.9 x 10-8 9.0 ± 1.0 x 10-9 
60 7.8 x 10-6 1.2 x 10-8 3.5 ± 0.5 x 10-9 
90 7.8 x 10-6 1.0 x 10-8 3.5 ± 0.5 x 10-9 
 
 
 
Figure 5.8: Comparison of measured specific contact resistivity values before and after various 
annealing steps at 300 ºC for CKR test structures with silicide arm width of 20 μm. These values 
were obtained by annealing the boron-implanted samples. The lines of least square fit for each 
set of data points are shown and the dotted lines are only to assist the reader in extrapolation of 
the data. 
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Figure 5.9: Measured specific contact resistivity values after 90 minutes of annealing at 300 ºC 
for CKR test structures with silicide arm width of 30 μm. These values were obtained by 
annealing the boron-implanted sample. The line corresponds to results obtained using the 
analytical expression in (5.9). 
 
5.4.3 Finite element modelling 
In order to verify the results obtained for Al-TiSi2 ohmic contacts, finite element 
modelling (FEM) was carried out with NASTRAN using expertise available at RMIT 
University (Dr. Anthony Holland). 
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(a) 
 
(b) 
Figure 5.10: Finite element modelling results for a CKR test structure with w of 20 μm and d/w 
of 0.2. Equipotential contour plots obtained are shown with the scale depicting voltage in mV for 
1 mA input current. (a) The variation in equipotential lines from the point of entry of current (top 
left) is apparent, with the circular distribution around the contact. (b) To highlight the presence 
of circular equipotentials, results from closer examination of contours around the contact is 
presented, obtained by altering the voltage range of observation. 
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FEM models were created for CKR test structures of the two layer Al-TiSi2 ohmic 
contacts with a ρc of 6.0 x 10-10 Ωcm2. A lower CKR ‘L’ was of thickness 254 nm and 
resistivity 11.43 μΩcm (RSH of 0.45 Ω/sq) corresponding to TiSi2 and an upper ‘L’ of 
thickness 600 nm and resistivity 5 μΩcm (RSH of 0.0833 Ω/sq) corresponding to Al were 
modelled. The contact was modelled using aluminium as a cylindrical plug – thickness 
of 100 nm and resistivity of 5 μΩcm. The thickness was chosen to match the thickness 
of the silicon dioxide dielectric layer defining the contact region. These models were 
created for CKR line widths of 11, 21, and 32 μm with d/w varying from 0.05 to 0.8. 
Equipotential contour plots obtained for the model with w of 21 μm and d/w of 0.2 
(which relates to the fabricated CKR shown in Fig. 2.5) are shown in Fig. 5.10. 
 
 
Figure 5.11: Comparison of measured specific contact resistivity values after 180 minutes of 
annealing at 500 ºC for CKR test structures with silicide arm widths of 11, 21, and 32 μm. The 
experimental data, analytical results using (5.9), and the finite element modelling results are 
presented. Close agreement between all three results is apparent. 
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Figure 5.11 compares SCR values obtained from FEM with data from analytical 
model and measured SCR values. A close match was obtained for SCR values 
obtained using all three sources. These FEM models also provide validation for this 
technique used for SCR evaluation. 
 
 
Figure 5.12: Measured specific contact resistivity values after 90 minutes of annealing at 300 
ºC for CKR test structures with silicide arm width of 30 μm. These values were obtained by 
annealing the boron-implanted samples. Results obtained using the analytical expression in 
(5.9) and by finite element modelling are compared. 
 
Finite element modelling of three-layer ohmic contacts, formed using ion 
implantation, is more complicated. Using the assumption made in creating analytical 
plots, of a calculated mean sheet resistance (RSH of 43.47 Ω/sq) for the ion implanted 
layer, a basic and preliminary FEM for the Al/NiSi/B-doped silicon contacts was 
created. Figure 5.12 presents these FEM results and compares them with the 
measured and analytical results presented previously in Fig. 5.9. Good agreement of 
all three results is again apparent. For accuracy, this model requires the definition of an 
   Chapter 5 
 
Specific Contact Resistivity Measurements  92 
 
ion implanted layer of varying resistivity with depth, based on the Gaussian profile of 
the implant. This detailed and rigorous modelling could be the scope for a future 
research program. 
 
 
5.5 Conclusions 
This chapter provides experimental validation for a new technique to accurately 
determine low values of SCR. CKR test structures have been used and two types of 
ohmic contact architectures have been characterised. The SCR of aluminium to 
titanium silicide (Al-TiSi2) ohmic contacts was evaluated to be as low as 6.0 x 10-10 
Ωcm2. Low values of SCR for ohmic contacts incorporating aluminium and nickel 
silicide for both antimony- and boron-doped samples have been evaluated. The 
influence of annealing on these SCR values is also reported. SCR values as low as 5.0 
x 10-9 Ωcm2 to antimony-doped silicon and 3.5 x 10-9 Ωcm2 to boron-doped silicon were 
evaluated. These values represent some of the lowest reported for a metal silicide to n-
type silicon, while the value of 3.5 x 10-9 Ωcm2 is the lowest value reported for a metal-
silicide contact to p-type doped silicon. Analytical models were created for the above 
discussed ohmic contacts and were used to verify the low values of SCR which were 
measured. Finite element models were created for Al-TiSi2 ohmic contacts and were 
used to validate the new technique for SCR determination. Preliminary finite element 
modelling for Al/NiSi/B-doped Si ohmic contacts is also discussed. A portion of these 
results is presented in [5.19]. 
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CHAPTER 6 
 
 
 
CONCLUSIONS AND FUTURE WORK 
 
 
6.1 Conclusions 
This thesis has dealt with extensive materials characterisation of titanium silicide 
(TiSi2) and nickel silicide (NiSi) thin films and specific contact resistivity evaluation of 
ohmic contacts incorporating these thin films using an accurate technique. During the 
course of this Ph.D. program, new or improved materials characterisation results for 
TiSi2 and NiSi thin films and some of the lowest values for SCR have been obtained. 
Detailed summaries of results have been presented at the end of each of the chapters, 
and this chapter highlights important results obtained in this Ph.D. program. 
 
6.1.1 Materials characterisation of TiSi2 thin films 
TiSi2 thin films were formed by vacuum annealing titanium thin films on silicon. 
Titanium thin films were deposited by either DC magnetron sputtering or electron beam 
evaporation. The composition and surface roughness of TiSi2 thin films formed from the 
different titanium films were compared. Due to ease of removal of surface oxide and 
uniformity in thickness of titanium deposited by electron beam evaporation, these films
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were chosen over TiSi2 thin films formed from sputtered titanium. Further detailed 
analysis was carried out on TiSi2 thin films formed by vacuum annealing evaporated 
titanium. The composition, surface morphology, and orientation of these thin films were 
analysed using AES, SIMS, AFM, TEM, XRD, SAED, and RHEED. The presence of 
crystallites on the surface at regular intervals, the snow-ploughing of native oxide, and 
the silicide-silicon interface were studied thoroughly. 
 
6.1.2 Materials characterisation of NiSi thin films 
Nickel monosilicide (NiSi) thin films are the current CMOS industry standard for 
ohmic contacts and local interconnects. On comparison of NiSi thin films formed from 
evaporated and sputtered nickel, it was found that greater thermal energy was required 
to form NiSi thin films from sputtered nickel. NiSi thin films formed by vacuum 
annealing evaporated nickel exhibited uniform composition and smooth surface. These 
thin films were also analysed using AES, SIMS, RBS, AFM, TEM, XRD, and EBSD. 
The results from this combination of techniques have shed light on the composition, 
grain structure, surface roughness, interface roughness, and orientation of the thin 
films. In situ analyses by Raman spectroscopy and XRD during substrate heating have 
been used to study variations in NiSi formation between n-type and p-type silicon. The 
evolution of NiSi from Ni2Si and the variations in the transformation temperatures for 
silicides formed on (100) and (110) silicon were studied in detail. 
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6.1.3 Specific contact resistivity results 
The TiSi2 and NiSi thin films were used to form two- and three-layer ohmic 
contacts. Using a combination of analytical calculations and finite element modelling, a 
simplified approach to this problem of SCR evaluation using CKR test structures with 
varying contact sizes was developed, at RMIT University prior to the start of this 
research program. The experimental data obtained on testing these ohmic contacts 
highlight the ability of the proposed technique in accurately evaluating very low values 
of SCR. 
 
Aluminium to titanium silicide ohmic contacts were fabricated and variations in 
SCR with annealing time and temperature were studied. The SCR of aluminium to 
titanium silicide (Al-TiSi2) ohmic contacts was evaluated to be as low as 6.0 x 10-10 
Ωcm2. 
 
Three-layer ohmic contacts were created using aluminium and NiSi thin films and 
doped silicon. N-type and p-type doped regions were created using antimony and 
boron implants. SCR values as low as 5.0 x 10-9 Ωcm2 to antimony-doped silicon and 
3.5 x 10-9 Ωcm2 to boron-doped silicon were evaluated. These values represent some 
of the lowest reported for a metal silicide to n-type silicon, while the value of 3.5 x 10-9 
Ωcm2 is the lowest value reported for a metal-silicide contact to p-type doped silicon. 
 
Analytical models were created for the above discussed ohmic contacts and were 
used to verify the low values of SCR which were measured. Finite element models 
were created for Al-TiSi2 ohmic contacts and were also used to validate the new 
technique for SCR determination. 
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6.2 Future Work 
There is scope for further development of the work presented in this thesis. The 
systematic and extensive materials characterisation carried out can be extended to any 
silicide. This is highly applicable to silicides of current interest, which include rare earth 
silicides and silicides for thermoelectric applications. The proposed SCR evaluation 
technique can be applied to any two-layer or multi-layer contact architecture of interest 
to obtain accurate results. The technique does not require nanoscale patterning to 
determine SCR, even if the actual contact dimensions are to be in the nanoscale. The 
scope for using finite element modelling to understand, characterise, and determine 
optimal materials properties to attain best ohmic contact architectures should be 
pursued. 
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APPENDIX A 
 
 
 
SILICIDE THIN FILMS FOR SILICON BULK 
MICROMACHINING 
 
 
This section discusses the feasibility of using titanium and nickel silicide thin films 
as mask materials for silicon bulk micro-machining. Micro-structures were realised 
using these thin films with wet etching using potassium hydroxide solution, on (100) 
and (110) silicon substrates. 
 
 
A.1 Introduction 
Silicon-based devices are preferred for the ease of integration of compact and 
high-speed electronics, and so, most micro- and nano-system devices require 
materials which are highly resistant to chemical etchants for silicon. Silicon nitride 
(Si3N4) deposited by low pressure chemical vapour deposition (LPCVD) is the material 
commonly used as a masking and structural layer for devices fabricated by silicon wet 
etching. This requires specialized equipment for nitride deposition. 
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This chapter discusses the feasibility of using titanium silicide (TiSi2) and nickel 
silicide (NiSi) thin films as alternatives to Si3N4, for silicon bulk micro-machining (by wet 
etching) using potassium hydroxide (KOH) solution. These metal silicides are also 
good conductors and this would reduce the number of thin film layers on devices, in 
turn reducing the complexity involved in system design. 
 
 
A.2 Experimental Details 
Silicon substrates of (100) and (110) orientation were chosen to demonstrate 
differing micro-machined structures in silicon. The native oxide on the silicon wafers 
was removed by a buffered hydrofluoric acid dip. The substrates were then prepared 
for metal lift-off by photolithographic patterning to define micro-structures of numerous 
dimensions (using an AZ5206E photoresist mask). The micro-structures consisted 
mainly of micro-beams of widths in the range of 2 to 10 μm and lengths varying from 1 
to 20 μm (a section of the designed mask is shown in Fig. A.1). Thin films of the 
desired metal (100 nm of titanium or 50 nm of nickel) were deposited by electron beam 
evaporation at room temperature. The micro-structures pattern was realized by lifting-
off the metal films in an acetone bath. Photolithography was performed ensuring that 
the length of the micro-structures was parallel to the primary flat of the wafer. 
 
The wafers were then annealed in vacuum (1 x 10-5 Torr) to form approximately 
250 nm of TiSi2 thin films (at 800 ºC for 1 hour) or 110 nm of NiSi thin films (at 350 ºC 
for 30 min). In order to minimize oxygen contamination during annealing, a silicon 
wafer was placed polished side down on the metal-coated silicon wafers. The thickness 
of the films was measured using an Ambios Instruments XP-2 surface profilometer. 
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Exposed silicon regions were etched in a 30 % v/v KOH solution at 70 ºC. 
Micrographs were obtained using a Philips XL30 scanning electron microscope (with 
specimen stage at various tilt angles), in order to study the fabricated micro-structures. 
 
 
Figure A.1: A portion of the mask designed to fabricate micro-beams and micro-bridges of 
varying dimensions. The scale bar corresponds to 20 μm. 
 
 
A.3 Results and Discussion 
A.3.1 Titanium silicide thin films as masking layers 
Micro-beams and some defined micro-bridges of TiSi2 were released on silicon 
(100) substrate at the end of 20 minutes of KOH etching, as shown in Fig. A.2. The 
etch progresses under the TiSi2 layer, attacking silicon, until only (111) orientation 
faces of silicon are exposed. The TiSi2 layer of 250 nm etches much more slowly than 
silicon in KOH [A.1]. An etch duration of 20 minutes results in approximately 10 μm of 
silicon being etched (this is in agreement with [A.2]). Etching carried out on (110) 
silicon substrates also progresses in a similar manner. 
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Figure A.2: A scanning electron micrograph showing titanium silicide micro-beams on (100) 
silicon observed at 30º specimen tilt. The silicide layer is ~160 nm thick with the beams 10 μm 
long and of varying widths. 
 
 
(a) 
 
(b) 
Figure A.3: Scanning electron micrographs illustrating the curvature of titanium silicide beams 
formed by bulk-micromachining silicon. Both images (a) and (b) show beams with a slight 
upward curvature. 
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The micrograph shown in Fig. A.2 was taken with the stage tilted at 30º; this was 
done in order to observe the curvature of the released micro-beams. This technique is 
used to qualitatively study stress in thin films, with beams curling upward indicating 
tensile stress, while beams bending down indicate compressive stress [A.3, A.4]. The 
TiSi2 thin films exhibit very low tensile stress (Fig. A.3). The 250 nm TiSi2 layer does 
not withstand more than 58 minutes of KOH wet etching at 70 ºC, with a resulting etch 
rate of 4.33 nm/min. 
 
A.3.2 Nickel silicide thin films as masking layers 
Figure A.4 shows NiSi micro-beams realized by etching a (110) silicon substrate. 
These beams were also released after 20 minutes of KOH etching at 70 ºC. NiSi thin 
films are much more resistant to KOH etching when compared to titanium silicide thin 
films, with 110 nm thick thin films withstanding more than 60 minutes of KOH wet 
etching with negligible change in thickness. NiSi thin films have also been shown to be 
resistant to another common silicon bulk micro-machining etchant, tetra-methyl 
ammonium hydroxide (TMAH) [A.4]. The combination of negligible etch rate in KOH 
and low temperature of formation (350 ºC) make NiSi a more suitable option than TiSi2, 
as an alternative etch mask to Si3N4. 
 
Considering the apparent ability of nickel silicide to act as a mask material for 
KOH wet etching, micro-structures of different dimensions were fabricated to assess 
the ability of the thin film to serve as a structural layer. Structures fabricated on both 
(110) and (100) silicon substrates confirm the ability of the nickel silicide thin film to act 
as a structural layer. Both small and large areas of fully released nickel silicide exhibit 
the desired rigidity, by remaining horizontal. This is apparent in Fig. A.5(a). Figure A.5 
shows that most beams with very high length to thickness aspect ratios (which is ~90 
for a 10 μm long beam for the 110 nm of NiSi) are intact, without buckling or curling up. 
   Appendix A 
 
Silicide Thin Films for Silicon Bulk Micromachining  109 
 
 
Figure A.4: A scanning electron micrograph showing nickel silicide micro-beams on (110) 
silicon observed at 30º specimen tilt. The silicide layer is ~110 nm thick with the beams 10 μm 
long and of varying widths. 
 
 
(a) 
 
(b) 
Figure A.5: Scanning electron micrographs showing arrays of nickel silicide micro-structures 
defined in (a) (110) silicon and (b) (100) silicon. The stark difference in the silicon sidewalls 
exposed by KOH etching is apparent. The array consists of fully-released micro-beams of 
varying widths and lengths, indicative of the suitability of nickel silicide as a structural material. 
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A.4 Conclusions 
This chapter discusses the use of titanium silicide and nickel silicide thin films 
(formed by vacuum annealing) as alternatives to silicon nitride, for use as masks in 
silicon bulk micro-machining (by wet etching) using KOH solution. NiSi thin films are 
much more resistant to KOH etching when compared to TiSi2 thin films, with films of 
110 nm thickness withstanding more than 60 minutes of KOH wet etching with 
negligible change in thickness. This can serve as an alternative for the commonly used 
LPCVD Si3N4 for the following reasons: (i) metal deposition followed by vacuum 
annealing is available in most research facilities, while KOH resistant Si3N4 has to be 
high quality LPCVD Si3N4, and (ii) NiSi can serve as a conductive layer, reducing multi-
layer requirements. These results are presented in [A.5] and [A.6]. 
